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"Information of dislocations and plasticity in ZnO is surprising sparse, especially 
given that sizable ZnO single crystals are now available. Detailed studies on ZnO would 
be most welcome. " 
- T. E. Mitchell and A.H. Heuer [1] 
. . . . 
An understanding of a material's response to mechanical loading (its mechanical behavior) is of 
fundamental importance. This understanding not only determines the suitability of a material for 
a given technological application .but also provides insight into the material's deformation processes 
such as active slip systems, ease of cross-slip, or critical resolved shear stress.· A material's mechanical 
behavior in the near surface can vary significantly from its bulk behavior. The near surface region of 
semiconductors is becoming increasingly important as device sizes get smaller and surface behavior 
becomes more dominant. 
ZnO is a wide bandgap semiconductor which has potential uses such as short wavelength (blue-
UV) LEDs and lasers and high power, high frequency electronic devices [2]. Although GaN-based 
. . 
. . . 
devices currently dominate the short wavelength LED market, single crystal bulk· ZnO is being 
pursued as a substrate material for both homoepitaxial films and heteroepitaxial GaN-based films 
[3-5]. Single crystal ZnO has also been used in Schottky diodes that were shown to be very resistant 
to proton irradiation_ [6] making them suitable for use in low-earth orbit. Polycrystalline ZnO 
films have been demonstrated for uses such as surface acoustic wave [7] and thin film bulk acoustic 
wave [8] filters, thin film transparent transistors [9], transparent contact electrodes for InGaN-based 
LEDs [10] and amorphous silicon solar cells [11], UVphotodiodes (12] and heterojunction LEDs [13]. 
Although the opto-electronic properties of bulk ZnO have been vigorously studied (14--18], the 
mechanical behavior has not received much_attention [1]. The objective of this work is to investigate 
1 
the near surface mechanical behavior of ZnO using nanoindentation. The near surface mechanical 
behavior includes the elastic modulus, hardness, the onset of yielding ("pop-in") and changes in 
hardness as a function of the depth (indentation size effect). 
Objectives 
• Study the effects of surface preparation on the near surface mechanical behavior. 
The effect of .surface preparation on hardness is well known for many materials. 
There have been no previous studies on the effects of surface preparation on the 
near surface mechanical behavior of ZnO. In the present study surface preparations 
for the (0001) surface including chemical etching, chemomechanjcal polishing, and 
mechanical polishing with 1/4 µm and 1 µm diamond abrasives were investigated. 
Based on previous ion channeling studies of similar surfaces [19], these surface prepa-. 
rations will provide a range of near surface damage: 
• Study the variation of the nea,r surface mechanical· behayior with crystallographic orientation. 
For many hexagonal metals, slip on the {0001} planes is easier than on other planes 
(20]. Conditions favorable for slip on the {0001} planes can be achieved by selection 
of the indentation plane. By indenting on the {1010} or {1120} planes, slip should 
principally occur on the {0001} planes because these planes are perpendicular to the 
indentation .surface. Chemomechanical polished (0001), (OOOT), {1010} and {1120} 
surfaces were studied to measure differences in the near surface mechanical behavior. 
• Study the effect of illumination on the near surface mechanical behavior. 
Illumination has been shown to change the flow stress of bulk ZnO [21] and hardness 
in the near surface of ZnSe [22] as measured by nanoindentation. The near surface 
hardness with sampleillumination and in darkness was studied for etched (OOOl)ZnO 
and chemomechanical polished {1010}Zn0. 
. . 
• Demonstrate the use of scanning Kelvin probe mi~roscopy to observe indentation dislocation 
rosettes. 
Indentation followed by chemical etching has long been used to study the plasticity 
of single crystals. Etch pits of dislocations around the indentation form a pattern or 
2 
"rosette" which provides information about the slip systems of the material. Other 
techniques to observe indentation dislocation rosettes include plan view and cross-
sectional transmission electron microscopy and cathodoluminescence. In the present 
study scanning Kelvin probe microscopy with sample illumination by a broadband 
light source was used to observe indentation rosettes in chemomechanical polished 
and etched {0001 }ZnO. 
The next chapter provides background information on the physical properties and previous stud-
ies of ZnO. In addition, the analysis of nanoindentation and the general technique of scanning 
Kelvin probe microscopy are presented. Chapter 3 presents experimentl:).l details of sample prepara-
tion, nanoindentation, and scanning Kelvin probe microscopy. In Chapter 4 results and discussion 




The response of surfaces to. mechanical loading has been studied for some time. The response tb 
. . 
loading involves an elastic portion and a plastic portion which are typically convolved with each other. 
The elastic response can be quantified by the elastic modulus or elastic moduH.in various directions. 
The plastic response includes active slip systems, interaction of dislocations, twinning and hardness. 
Some examples of mechanical loading of the surface are: processing conditions such as polishing or 
turning on a lathe, the stress imposed on a substrate by fih~ growth; an~ equipment specifically 
designed to measure the response to mechanical loading. For exampleduring nanoindentation the 
load on the indenter and the depth of penetration are continuously measured to determine the 
surface response to loading. The study of the surface response to loa,ding is of significant interest, 
further for many semiconductors dislocations in the near surface cah adversely effect the epitaxial 
growth of films, the electrical properties and the photoluminescence response of the surface. 
The response of single crystal ZnO to mechanical loading has not received much attention. In 
this chapter background information on previous studies of the mechanical behavior of ZnO and 
techniques to evaluate near surface mechanical behavior is presented. First some of the physical 
properties of ZnO including its structure, hardness and elastic stiffness constants are given, The 
results of one study which has measured the near surface damage in single crystal ZnO introduced by . 
various polishing processes are presented. Nanoindentation is increasingly being used to study the 
near surface mechanical behavior of materials~ The analysis technique that determines the hardness 
. . . 
and elastic modulus from. nanoindentation data is ·presented for an isotropic material and for a 
transversely isotropic piezoelectric material such as ZriO. In addition to harciness and elastic modulus 
other behavior such as "pop-in" and indentation size effect have been observed in many materials 
during nanoindentation. Pop-in is often related to the onset of plasticity and the indentation size 
4 
effect may be related to the gradient of strain in the materia l. These a re explained in more detail 
in this chapter. Illumination has been shown to effect mechanical behavior of many bulk II-VI 
semiconductors however the effects of illumination have not been investigated at smaller length scales 
in ZnO. A brief review of the effects of illumination on the response to mechanical loading is presented 
for bulk II-VI semiconductors. Near surface damage such as dislocations and point defects introduced 
by mechanical loading is known to alter the electrical characteristics of many semiconductors. One 
way to measure changes in the electrical characteristics at the nanometer scale is the use of scanning 
Kelvin probe microscopy (SKPM) which measures the potential difference between the probe and the 
sample with a lateral resolution approaching 50 nm. SKPM can be combined with nanoindentation 
to measure the damage introduced during nanoindentation. The technique of SKPM is presented 
along with some examples from the literature of uses of the technique. 
2.1 Properties and subsurface dam age of ZnO 
ZnO most commonly exists in the hexagonal wurtzite structure although it can also form in the 
zincblende structure. The wurtzite structure has two distinct planes perpendicular to the (0001) 
direction, an oxygen terminated (0001) plane and a zinc terminated (0001 ) plane. Figures 2.1, 2.2 
and 2.3 show a ball and stick model of ZnO from various directions. In Figs. 2.1 and 2.2 the {0001} 
planes are horizontal and in Fig. 2.3 the reader is looking down onto a {0001} plane. The lattice 
spacing for ZnO is c = 0.519 nm and a= 0.324 nm [23]. 
The mechanical properties of single crystal ZnO are not well known because of the only recent 
availability of high-quality samples. Most of the previous work done on the assessment of the 
mechanical properties of ZnO was done on material that had a significant concentration of lithium 
Figure 2.1: Photograph of ball and stick 
model of ZnO looking in the (1010) direc-
tion. 
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Figure 2.2: Photograph of ball and stick 
model of ZnO looking in the (1120) direc-
tion. 
Figure 2.3: Photograph of ball and stick model of ZnO looking along the (0001 ) direction. 
and/or sodium ions [24] and much of this work focused on bulk material not the near surface. There 
have been a few nanoindentation experiments performed with a spherical indenter [25 , 26] on single 
crystal ZnO. 
Regel et al. [24] performed microhardness measurements on hydrothermally grown ZnO samples 
of different crystallographic orientations. In this study it is not stated which type of indenter was 
used for the experiment (presumably it was a Vickers indenter) nor is it stated at which load the 
hardness was evaluated. The samples were polished but it is not stated what type of polishing was 
performed. Table 2. 1 shows the results for various crystallographic surfaces. The hardness of the 
basal (0001) plane was found to be about twice that for the prismatic planes, {1010} and {1120}. A 
microhardness of 400 kg/ mm2 Vickers corresponds to about 4.3 GPa [27] . Ahearn et al. [28] studied 
the effects of bias voltage and pH on the hardness of (0001 ) and {1010} ZnO. The experiments were 
performed with the sample in an electrolyte with the ability to apply a bias voltage to the sample. 
Without any bias voltage the Vickers hardness of the (0001 ) surface ranged from 240 - 260 kg/mm2 
Surface Microhardness (kg/mm2 ) 
(0001) 400 
{1011} 250 
{1010} and {1120} 200 
Table 2.1: Comparison of microhardness for different surfaces of ZnO. After Regel et al. [24]. 
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for pH between 8.5 - .12.2 and for the {1010} surface the hardness ranged from 100 - 130 kg/1m:n2 
for pH between 6.5 - 1L5. Although the hardness values were about half of th.e values obtained by 
Regel et al. [24), the hardness of the basal plane was still about twice that of one of the prismatic 
planes. The differences in hardness are most likely caused by differences in the slip systems that· 
are activated during indentation. Some of the slip planes that have been identified in ZnO include 
{0001} [26], {1011} [26], and {1012} [29]. During indentation of the prismatic surfaces the force of 
the indenter is principally in the (0001) direction, so that slip will probably principally involve slip 
on the { 0001} planes. In .. many hexagonal metals slip at room temper~ture occurs most easily on 
the {0001} planes [20]. 
The elastic constants of ZnO were measured by Bateman [30] using an ultrasonic pulse technique, 
Table 2.2. Using these elastic constants, the Voigt or Reuss aggregate average elastic modulus and 
Poisson's ratio can be computed. T.he aggregate elastic modulus is 123 GPa (Reuss) to 124 GPa 
(Voigt) and Poisson's ratio is 0.356 (Voigt) to 0.357 (Reuss) [31]. ZnO is a piezoelectric material with 
piezoelectric arid dielectric constants given in Table 2.3. The piezoelectric and dielec;:tric constants 
were determined by th~ ultrasonic resonance-antiresonance method [32]. The "S" superscript on the 
dielectric constants denotes that it is the dielectric constant value for a mechanically constrained 
sample. 
Kucheyev et al. [25] used nanoindentation with a spherical indenter with a radius of 4.2 µm to 
examine the material properties of (OOOl)ZnO. It is not stated how the samples were polished. They 
measured a hardness between 4 - 5 GPa for a depth of 50 - 400 nm which is consistent with Regel et 
al. [24] arid an elastic modulus of 100 - 111 GPa over the same depth range. The elastic modulus is 
less than one would expect from either the aggregate averages or the stiffness in the (0001) direction 
where E(oooi) = 139 GPa. The authors give no e+planation for this discrepancy however it may be 
. . 
caused by the method used to analyze the data. The data was analyzed using the partial load~unload 
method of Field and Swain [33]. This method ·fits· only a single pair of data points and is therefore 
more susceptible to error [34] than the Oliver and Pharr [35] method (explained in Section 2.2.1). 
2.1.1 Assessment of subsurface damage in polished ZnO by ion channeling 
Surface preparationtechniques can introduce dislocations and other defects in.the near surface which 
may alter the mechanical behavior. For semiconductors, dislocations and defects can also alter the 
electrical properties [36-38] and the photonic properties [16]. Lucca et aL (19] used ion channeling to 
study the near surface damage in polished (OOOl)ZnO and (OOOI)ZnO. The samples were prepared by 
7 






c66 =!(en - c12) 44.3 
Table 2.2: Elastic stiffness constants of ZnO 
at room temperature obtained by ultra-







7.8 x 10-11 F/m 
7.37 x 10-11 F /m 
Table 2.3: Piezoelectric and dielectric 
constants of ZnO at room tempera-
ture obtained by resonance-antiresonance 
method. After Kobiakov [32]; 
either chemomechanical polishing, 1/4 µm diamond abrasive mechanical polishing or 1 µm diamond 
abrasive mechanical polishing. Table 2.4 shmys the damage depth and the equivalent amorphous 
. . 
layer obtained for the samples. The damage depth is the extent of damage into the sample whereas 
the equivalent amorphous layer is related to the severity of damage. The equivalent amorphous layer 
is calculated from the number of displaced Zn ( or O) atoms/ cm2 and the density of Zn ( or O) atoms 
in ZnO. For the chemomechanical polished samples no damage was detected with this technique. 
The (0001) and (0001) surfaces were found to have similar damage depths except for the case of the 
1 µm mechanical polish samples where the (0001) surface had slightly moresevere damage. 
Process 
1 µm mechanical polished 
1 / 4 µm mechanical polished 
chemomechanical polished 
Process 
1 µm mech,anical polished 
1 / 4 µm mechanical polished 
chemomechanical polished 
{OOOl)ZnO {OOOI)ZnO 










Table 2.4: Damage depth and equivalent amorphous layer for polished ZnO obtained by ion 
channeling. After Lucca et al. [19]. 
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2.2 Nanoindentation studies 
Nanoindentation is an instrumented indentation technique that continuously records the depth of 
indentation and the force on the indenter. As in convent ional hardness testing the indenter is 
made of a hard material such as diamond or sapphire. The shape of the indenter is typically 
spherical or pyramidal. Nanoindentation most often uses a three sided pyramidal indenter called 
a Berkovich indenter , Fig. 2.4, rather than a four sided pyramidal indenter used in convent ional 
hardness testing. The Berkovich indenter was designed to yield the same cross-sectional area as a 
function of distance from the tip as a Vickers indenter, A(h) = 24.5h2 where his the distance from 
the tip. The nanoindentation system used in this study is shown in Fig. 2.5 and is typical of many 
nanoindentation systems. The system also includes a controller and dat a collection computer which 
are not shown in t he figure. The part icular system shown uses a three-plat e parallel capacitor for 
both the application of force and the measurement of displacement . Other syst ems use a voice-coil 
for t he force t ransducer and a capacitance sensor for displacement measurement [35] . 
Nanoindenta tion enables the probing of small volumes of materials to determine not only the 
elastic modulus and hardness of t he near surface but more generally the response of the sample to 
loading. In many single cryst al materials the onset of plasticity starts with a sudden increase in 
the indenter penetration at a given force called "pop-in". Many mat eria ls exhibit an increase in 
hardness at decreasing indentation depths in nanoindentation testing called "indentation size effect" 
more fully explained below. 
Figure 2.4: Schematic diagram of the Berkovich indenter (left) and an AFM image of a 
Berkovich indenter (right). 
9 
Figure 2.5: Photograph of nanoindentation system used in the study. Close-up shows the force 
transducer with an indenter mounted to it. 
2.2.1 Elastic modulus and hardness 
The most commonly used method of obtaining the elastic modulus and hardness from nanoinden-
tation data is the method given by Oliver and Pharr [35] . Nanoindentation data is usually plotted 
as the applied load vs. indenter penetration as shown schematically in Fig. 2.6. During loading 
the material deforms elastically or elastically and plastically while during unloading the material 
behaves mainly elastically. To obtain the elastic modulus and hardness of the material solutions for 
the indentation of an elastic half-space are used to analyze the unloading curve. The slope of the 
unloading curve at the maximum depth, hmax, is denoted by Sand is related to the elastic modulus 
of the sample. The contact depth is the depth to which the indenter and the sample are in contact 
under load and is denoted by he. The relationship between the contact depth, the total depth, h, 
Load, P 
s 
' he for E = 0 .72 
I 
he 
for E = 1 hmax Displacement, h 
Figure 2.6: Idealized load vs. displacement plot showing the unloading slope at the maximum 
depth, S and the contact depth, he. 
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and the displacement of the surface at the perimeter of the indentation, hs is shown in Fig. 2.7a. The 
final depth of the indentation, also called the plastic depth, is given by hf, Fig. 2. 7b. To calculate 
the contact depth he from experimental data, one needs to know hs since hmax is known and 
(2.1) 
To obtain the displacement of the surface at the perimeter of the indentation, hs, the results of 
Sneddon (39] who analyzed the indentation of an elastic half-space with an axisymmetric indenter 
are used. Sneddon's results must be modified by replacing the elastic displacement by the total 
displacement minus the final or plastic depth, ( h - hf). It can be shown that the displacement of 
the surface at the perimeter of the indentation can be given as [35]: 
(2.2) 
where E for various indenter geometries is given in. Table 2.8. 
Oliver and Pharr [35] suggest that E =cc: 0.75 is the best value to use for a Berkovich indenter. From 
the calculated h 8 , and. the measured hmax, he can be calculated from Eq. 2.1. The stiffness of the 
sample S which is the slope of the unloading curve evaluated at the maximum depth is determined 
by fitting the unloading data to the power law relationship: 
(2.3) 
where a, hf and mare fitting parameters. From the curve fit the slope at the maximum depth, S, can 
be calculated by differentiation, tr I h=hmax = am ( hmax - hf) m-l. The reduced elastic modulus, 
a) 
b) 
~~~. . -------,.·. · .. 
h1 · .. 'yr 
T 
Figure 2.7: Schematic diagram of various 
depth definitions. (a) shows the indenter 
under load and (b) shows the surface after 
the indenter has been removed. 
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Geometry of Indenter 
Conical Indenter 
Flat Punch 




Figure 2.8: E values for various indenter 
geometries. 
Er, is determined from the slope of the unloading curve, Sand the contact area, A by the following: 
(2.4) 
The reduced elastic modulus takes into consideration the fact that the indenter is .ncit perfectly rigid 
and so the measured elastic modulus is a combination of the elastic modulus of the material and of 
the indenter. The elastic modulus of the material can be obtained by: 
1 1-v2 1-v? 
-=--8 +--· 
Er Es Ei 
(2.5) 
where V8 is the Poisson's ratio for the sample, Es is the elastic modulus of the sample and vi and 
Ei are the same values for the indenter. Typically diamond is used for the indenter material and it 
has Vi= 0.07 and Ei = 1141 GPa [31] so that the.contribution of the indenter to measured elastic 
modulus is small. The contact area is determined from the contact depth, he, and the area function 
of the indenter. The area function of the indenter is determined from indentation into reference 
. . 
m~terials in a procedure outlined in Appendix A. The hardness of the sample is obtained from the. 




The evaluation of elastic modulus and hardness using nanoindentation has been applied to a 
variety of bulk materials and thin films as well. An example of a study on buik materials is the work 
of Oliver and Pharr [35]. They report on the indentation of single crystal aluminum, tungsten, quartz 
and sapphire, soda-lime glass, and fused silica [35]. The materials were evaluated at maximum loads 
from 0.2 mN to 120 mN which corresponded to a depth of 20 nm to 5 µm. The measured hardness 
values ranged from about 0.2 GPa for aluminum to 25 GPa for sapphire. The measured elastic 
modulus values ranged from about 70 GPa for aluminum, fused silica and soda-lime glass to 440 
GPa for sapphire. The measured modulus values agreed to within 4% of the literature values [31] 
for all samples except quartz and sapphire which were 30% and 9% higher. Oliver and Pharr state 
that this discrepancy is because of the anisotropic natur~ of these materials. 
The analysis of Oliver and Pharr presented above assumes the material is isotropic. As previously 
stated however ZnO is an anisotropic material that is also piezoelectric. Both the anisotropy and 
piezoelectric effect wiU influence the measured modulus. For indentation in anisotropic materials 
the analysis of the load-depth data is the same as for the isotropic case, however the interpretation 
of the reduced elastic modulus is different. The reduced elastic modulus, Er, in Eq. 2.4 is replaced 
by the reduced .indentation modulus Mr. The indentation modulus of the sample, Ms, is determined 
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from the reduced indentation modulus and the indentation modulus of the indenter, Mi, (40]: 
( 1 1 )-l Mr= -. +-· 
Ms Mi 
(2.7) 
The indentation modulus of the sample is a function of the crystallographic plane that is indented, 
the elastic stiffness values, the piezoelectric constants and dielectric constants. Strictly speaking 
one should also take into consideration the anisotropy of the diamond indenter however there is 
little error in using the aggregate properties. Diamond is a cubic material with· elastic constants, 
en = 1076, c12 = 125, C44 = 575.8 GPa (31] .. The anisotropy factor (2c44/(c11 - c12)) gives a 
measure of the degree of anisotropy of a cubic single crystal where an isotropic crystal hl:J.S an 
anisotropy factor of LO. The anisotropy factor .for common metals .indude copper, 3.2, nickel, 2.5, 
and iron, 2.4. The anisotropy factor of diamond. is 1.2 so little error is introduced by using the 
aggregate values of the elastic modulus and Poisson's _ratio to compute the indentation modulus of 
the indenter, Mi= Ei/(1 - v'f). 
To quantify the effects of anisotropy and piezoelectricity on the. indentation modulus of ZnO 
two models of indentation are considered. The first model neglects the piezoelectric effect and only 
considers indentation on the {0001} planes because these are the planes of isotropy i.e., the elastic 
stiffness in any direction in the {0001} planes is constant. The analysis of indentation on the {0001} 
planes is easier because of this symmetry. The second model includes the piezoelectric effect but is 
also restricted to indentation on the {0001} planes. Although solutions exist for indentation of a 
. . 
general anisotropic half-space (40-43]; they were not considered for this work pecause for the three 
surfaces of ZnO indented, {0001 }, {1010} and {1120} the differences among the elastic moduli in 
the directions normal to the planes are small, Table 2.5. 
Indentation of a transversely isotropic elastic half-space 
Analysis of indentation of a transversely isotropic half-space has been treated by many researchers 
using different mathematical methods (44-47]. This s~ction presents the setup of.the problem for 
an arbitrary axisymmetric indenter and results for indentation with a conical indenter. To obtain 







Table 2.5: Elastic moduli in the three directions of indentation used in this study. 
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the indentation modulus, a relationship between the load, P , and the depth of penetration, h, is 
required. 
An axisymmetric rigid indenter is a ligned such that the plane of indentation is the symmetric 
plane of a transversely isotropic material which is the {0001} plane for ZnO. Figure 2.9 shows the 
geometry of the problem where cylindrical coordinates (r, B, z) are used because of symmetry and 
the indenter profile is given by f(r). From a force balance on a volume of material, the equilibrium 
condit ions for t he stresses ( O"ij) can be given by [48]: 
(2.8) 
The relationship between the stress and material displacement ( Ur, ue = 0, uz) for a transversely 
isotropic medium can be given by [49] : 
OUr Ur OUz en--+ C12- + C13--or r oz 
OUr Ur OUz 
C12-- + C11- + C13--or r oz 
( OUr Ur) OUz C13 -- + - + C33--
0r r oz 
(2.9) 
( our OUz ) C44 -- + --OZ or 
where C;j are the elements of the elastic stiffness matrix. Equations 2.9 are substituted into Eq. 2.8 





Figure 2.9: Schematic diagram of indentation of a elastic half-space by an axisymmetric inden-
ter. 
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or other methods (44,46,47]. The boundary conditions for this problem· are: 
Uz{r, z = 0) f(r) + b 0:::; r:::; a (2.10) 
O"zz(r, z = 0) = 0 r>a (2.11) 
O" zr(r, Z = 0) 0 r2a (2.12) 
Ur,Uz -t 0 as J z2 + r 2 -+ oo (2.13) 
Equation 2.10 gives the geometry of the deformed surface during indentation, f(r) is the profile of 
the indenter and b is the penetration depth of the indenter at r = a. The indenter and half-space 
are in contact from r = 0 to r = a. The surface of the half-space outside the contact radius a does 
not have either norm,al stress, Eq. 2.11, or shear stress, Eq. 2.12. Eq. 2.13 states that the material 
displacements far from the indenter approach zero. 
For a conical indenter the function J(r) in Eq. 2.10 is given by f(r) = 1:(l - r/a). Fig. 2.10 
shows a conical indenter with semi-angle a and total depth of penetration b.+ <:. Hanson [46] 
solved this indentation problem using potential functions and gives results for _all of the stresses and 
displacements. To obtain the indentation modulus, only the normal stress on the surface for r:::; a . ;, . . . 
is of interest. From Hanson [46] and Elliott [45j the normal stress on the surface can be given by: 
where H depends on material properties and is given by the following, 
H = (71 + 1'2) cu 
21r (cuc33 - ~ 3) 
(2.14) 
The terms Cij are the elastic constants and the terms ")'1,2 are obtained from the roots of the following 
equation: 
The terms ")'1,2 are computed from ,'f,2 = n1,2, The t()tal force on the indenter can be obtained by. 
b 
T 
Figure 2.10: Schematic diagram of conical indenter under load. 
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integrating the normal stress over the contact area. This gives, 
p -27f r _E_ cosh-l (:::_) dr 
Jo 1rHa r 
p 
H 
In terms of the depth of penetration Eq. 2.16 can be given by: 





To determine the indentation modulus of the sample (Ms) from Eqn. 2.17 the results of Pharr 
et al. [50] can be applied. They showed that results obtained for previous well-known indentation 
problems can be applied to any general relationship between the load and depth of penetration to 
obtain the indentation modulus of the fiample. For example, consider the indentation of an isotropic 
medium by a flat ended rigid cylindrical punch. The indentation modulus in this case is known to 
be: Ms = Es/(l - v;) (50]. The indentation modulus is obtained from an expression for the load as 
a function of indenter penetration. The equation for the load and the depth of penetration can be 
given as (39]: 
(2.18) 
where µs is the shear modulus of the sample, a is the radius of the cylindrical indenter, and his the 
depth of penetration. If this equation is differentiated with respect to h and the expression for the 




For an isotropic material the shear modulus is related to the elastic modulus by E = 2µ(1 + v) so 
Eq. 2.19 becomes 
dP 2v1A Es 
dh yn (1 - v;)" (2.20) 
By comparing this equation to Eq. 2.4, the indentation modulus can be identified as Es/ (1- v;). 
Note that because the indenter is assumed to be rigid the reduced indentation modulus depends 
only on the indentation modulus of the sample. For a general relationship between the load and 
depth of penetration, the same steps are followed. First differentiate the expression with respect to 
the depth then put the equation in the form of Eq. 2.20. Identify the part of the equation that is 
the indentation modulus of the sample. 
Returning to the indentation of a transversely isotropic half-space, the differentiation of Eq. 2.17 
with respect to h gives: 
dP = 4tan(a) h 
dh 1r2 H 
(2.21) 
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V1f 1rH (2.23) 
From Eq. 2.23 the indentation modulus can be identified as I/1rH. 
Indentation of a piezoelectric transversely isotropic elastic. half-space 
Because ZnO is a piezoelectric material,· the indentation modulus will also contain a contribution 
from the piezoelectric effect. The model presented in this section, will predict how much the piezo-
. electric effect will i~fluence the indentation modulus. Matysiak [51] presented a model for the 
indentation of piezoelectric materials with hexagonal symmetry which was .. based on the work of 
Kudriavtsev et al. [49]. The model of Matysiak was forthe~ developed by Giannakopoulos and 
Suresh (52] to include transversely isotropic materials and wilLbe summarized below. 
The problem setup is similar to the transversely isotropic case presented in the previous section 
however new terms a~d equations are need.ed to describ~ the piezoelectric eff~ct. An axisymmetric 
rigid indenter is aligned such that the plane ofindentation is the symmetric plane of a transversely 
isotropic material. Cylindrical coordinate (r, B, z), are used again. The equilibrium conditions for 




and Maxwell's equation for this geometry is. given by: 
(2.25) 
where Dr and Dz are the electrical disl)lacements in the r &nd z directions, respectively. For a 
linear dielectric material the electrical displacement D can be given by I)i = EijEj where Eij are the 
dielectric constants and Ej are the components of the electric field .. The components of the electric 







The constitutive equations for an elastic piezoelectric medium can be given by: 
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(2.26) 
OUr Ur OUz 8¢ 
C11- + C12- + C13-- + e31-
or r oz oz 
O"(J(J OUr Ur OUz 8¢ C12-- + C11- + C13-. -. + €31-
or r ' oz oz 
. (OUr Ur) . OUz 8¢ 
C13 - + - + C33-- + €33.-. or r oz oz 
( our OUz) 8¢ C44 -- + --·· + €15-
.0Z or Or 
(2.27) 
( our OUz) 8¢ e15 -- +--. -£11-
oz or ' or 
( OUr Ur) OUz 8¢ e31 -- + - + €33-- - £33-or ,• r oz oz 
' ' 
where Cij are the elements of the elastic stiffness matrix, €ij are the piezoelectric constants, Eij are 
the dielectric constants, and the displacement of a material particle is given by Ur and Uz in the r 
and z directions. Notice in addition. to two new equations for the electrical displacements, there are 
additional terms in the stress equations for the piezoelectric effect. Equations 2.27 are substituted 
into Eqs. 2.24 and 2.25 to obtain a set of three partial differential equations that can be solved 
using Hankel transforms. The boundary conditions for this problem can be divided into mechanical 
boundary conditions and electrical boundary conditions. The mechanical boundary conditions are 
the same as in the previous section: 
Uz(r, z = 0) f(r) + b 0. S: r S: a (2.28) 
O"zz(r,z=O) 0 r>a (2.29) 
O"zr(r, z = 0) 0 r 2:: a (2.30) 
Ur, Uz . --t O as V z2 + r2 --t oo (2.31) 
For the electrical boundary conditions two cases are considered: a conducting indenter and an 
. .· .• 
insulating indenter [52]. For a conducting indenter the boundary conditions are:. 
¢(r,z=0) ¢0 0 S: r.S: a (2.32) 
Dz(r,z = 0) 0 r2:'.a (2.33) 
¢ '--t 0 as J z2 + r 2 --t c~ (2.34) 
Equation 2.32 states that the electrical potential on the surface of the sample in contact with the· 
indenter is equal to the electrical potential of the indenter, ¢0 . The electric displacement in the z 
direction is zero outside the contact area as shown in Eq. 2.33 and the regularity condition i.e., the 
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potential goes to zero far from the indenter, is given in Eq. 2.34. For an insulating indenter the 
regularity condition is the same however the surface has no electric displacement in the z direction, 
Dz(r, z = 0) 0 r ;:=: 0 (2.35) 
¢ - 0 as V z2 + r2 _, oo (2.36) 
The constitutive equations (Eqs. 2.27) along with the mechanical and electrical boundary con-
ditions comprise the system of equations to be solved. Appendix B presents in detail the method 
of solving these equations, the solution for a conical insulating indenter will be given here. The 
geometry of the indenter is the same as before, Fig. 2.10. For an indenter that is an insulator the 
load on the indenter can be given by: 
(2.37) 
where the values Mi are derived from the material properties and are given in Appendix B. Equation 
2;37 has similar form as the case of indentation in a transversely isotropic material Eq. 2.17. To 
obtain the indentation modulus Eq. 2.37 is differentiated with respect to h 
dPinsulating 
dh 
8htan(a) MsM5 - M5M1 
1r M 2 M7 - M1Ms 
2vA 2 (MsM5 - M5M1) .. 
ft M2M1 - M1Ms 
From Eq. 2.38 the indentation modulus can be identified as 2V:Js::s--;:5::7 ). 
2 7- 1 8 
(2.38) 
Table 2.6 shows a comparison of the indentation modulus for different indentation models. If 
the elastic half-space is assumed to be isotropic the indentation modulus is given by E/(1 - v2 ) 
where the elastic modulus and Poisson's ratio are the Reuss or Voigt aggregate values [31]. For the 
anisotropic case without piezoelectric effect included the indentation modulus is given by l/1rH. For 
the anisotropic case with piezoelectric effect the indentation modulus is 2 ~ 8::t:::t:fs1 ). The range 
of values given in the table for this case corresponds to the elastic and piezoelectric constants given 
in Tables 2.2 and 2.3 and those given by Dieulesaint and Royer (23]. The modulus obtained for the 
case of piezoelectric anisotropy is 7- 10% larger than the isotropic case. 
2.2.2 Onset of plasticity - pop-in 
One behavior that is often observed in the nanoindentation of single crystal materials is "pop-
in" (53]. Pop-in is the sudden increase in depth at a given load as shown in Fig. 2.11. Leipner et 
al. (53] attribute the observed pop-in in GaAs to the nucleation of dislocations. They performed 
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Assumed Half-space Indentation Modulus 
Properties M 8 (GPa) 
Isotropic 141 
· Anisotropic not piezoelectric 147 
Anisotropic piezoelectric 151 - 155 
Table 2.6: Indentation modulus, Ms, for indentation of {0001} surface of ZnO with a coni-
cal or spherical indenter. The range of values given for the case of an anisotropic 
piezoelectric half-space is based on different values 'for the elastic and piezoelectric 
properties. 
transmission electron microscopy (TEM) on salllples which had been indented with loads just above 
that required for pop-in and observed disloc.ation loops in a "rosette" around the indentation. The 
rosette was a cloverleaf patter:n with four sets of loops emanating from the indentation along the (110) 
directions. In another study of pop-in, Miyahara.et al. (54] observed pop-in in electropolished (OOl)W 
however pop-in was not observed when they indented mechanically polished (OOl)W. They stated 
the difference in pop-in behavior was because of the difference in the dislocation density between the 
electropolished and m~chanically polished samples. The dislocation density of the electropolished 
sample was about 4 x 10-:3 µm- 2 obtained by measurements of etch pits. The dislocation density 
of the mechanically polished sample could not be measured because .the dislocation density was 
so high that the etch pits overlapped each other, Because of the significantJy higher dislocation 
density of the mechanically polished sample there may be dislocations in the volume beneath the 
indenter so these dislocations can be moved or act as sources for dislocations starting at very low 
loads. The low density of dislocations for the electropolished sample suggests that under the indenter 
there may be no dislocations before pop-in. Kucheyev et al. (25] observed multiple pop-in events 
during nanoindentation of (OOOI)ZnO with a spherical indenter. For a single indentation with a 
. . 
maximum load of 100 mN up to five pop-in events were observed. To explain the multiple pop-ins 
they proposed that the initial pop-in corresponds to the nucleation of dislocations which then move 
in the directions of easy slip. At some point these dislocations become pinned and new dislocations 
must be created which corresponds to the next pop-in event. 
2.2.3 Indentation size effect 
In nanoindentation studies hardness is often found to increase as the depth of penetration decreases 
which is referred to in the literature as "indentation size effect (ISE)". Some materials exhibit 
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Figure 2.11: Sudden increase in depth at a given load, "pop-in", observed in the indentation of 
{OOl)GaAs. From Leipner et al. [53]. 
what is ~alled "reverse indentation size effect" (55] where the material is found to soften with 
decreasing depth of penetration but this is much less common.· Figure 2.12 shows hardness results 
for the indentation of a silver/gold/silver layered structure [56]. The layered structure consisted 
, ·. . 
of a {OOl)NaCl substrate with a 50 fill Ag layer, 50 nm Au and 1.2 µm Ag on top. The hardness 
increases from 400 MPa.at the deepest depths to about 700 MPa at a plastic depth of about 100 nm. 
ISE is most often explained by straingradient plasticity (57,58] which assumes that strain gradients 
are accommodated by "geometrically necessary" dislocations and uniform strain is accommodated 
by "statistically stored" dislocations (59]. Ma and Clarke (56]presented a simplified version of strain 
800 
• • [11 OJ 
700 I 0 [100) as I D.. 
:E •• ...... 600 :c 
Cl) I U) 6 Cl) 500 C 0 'E I i a, 8 ~ :c 400 Q 0 
300 
0 0.5 1.0 1.5 2.0 
Plastic Depth h (µm) 
Figure 2.12: Example of indentation size effect in the indentation of {001 )Ag/ Au layered struc-
ture. The Berkovich indenter was aligned such that one of the edges of the tri-
angular impression was in the [110] direction or [100] direction. From Ma and 
Clarke [56]. 
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gradient plasticity as it applies to the nanoindentation of metals. The flow stress ( T) of the material 
is related to the dislocation density by the following (56]: 
r = CGbJps + PG (2.39) 
where G is the shear modulus of the material, b is the magnitude of the Burger's vector, C is a 
constant which is typically taken to be k, Psis the density of statistically stored dislocations and PG 
is the density of geometrically necessary dislocations. An estimate for the density of geometrically 





where 'Y is an average strain and D is the diameter of the indentation impression. The hardness is 
taken to be about 3 times the flow stress. Equation 2.40 can then be subsituted into Eq. 2.39 to 
yield: 
(2.41) 
Thus the hardness is inversely proportional to the square root of the diameter of the indentation. 
Using approximated values for the density of statistically stored dislocations and the average strain, 
Ma and Clarke (56] were able to obtain agreement with their indentation results. This model gives 
a plausible explanation for the indentation size effect but is difficult to apply directly to indentation 
data because the density of statistically stored dislocations and the average strain must be known. 
2.3 Photoplastic effect 
The increase ( or decrease) of hardness or flow stress with illumination, referred to as the positive ( or 
negative) photoplastic effect (PPE), has been reported for a variety of semiconductors. In a review 
article, Osip'yan et al. (21] summarize results for the photoplastic effect in bulk II-VI semiconductors. 
Typically the change in flow stress with illumination is measured during uniaxial compression tests 
on samples with dimensions of a few millimeters. Figure 2.13. shows the orientation of the samples 
for zincblende samples (left) and wurtzite samples (left and right). The zincblende samples are 
oriented for slip on the(ll 1) planes while the wurtzite samples can be oriented for slip on either the 
basal planes {0001} or the prismatic planes {1010}. The photoplastic effect has been observed for 
both zincblende II-VI compounds (ZnSe, ZnTe, CdTe) and wurtzite II-VI compounds (CdS, CdSe, 
ZnO) (21]. The observed increase of the flow stress with illumination is 10% ~ 30% for most of the 
II-VI semiconductors. For most of the II-VI semiconductors the maximum change in the flow stress 
occurs using light with energy slightly less than the band gap of the material. The photoplastic effect 
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has also been found time dependent. Carlsson and.Svensson [60] observed that the photoplastic effect 
in ZnO persisted for about 15 sec. after the light source was turned off. 
Osip'yan et al. [21] state that the reason for the positive PPE is the accumulation of electrons 
on dislocations as they move through the crystal. The charged dislocations interact electrostatically 
either with other charged dislocations or other charged defects within the crystals. This increases 
the amount of force required to move a dislocation thus increasing the hardness of the sample. They 
estimate that a dislocation in II-VI compounds must travel about 10 µm for it to acquire equilibrium 
charge. Wolf et al. [22, 61] observed a positive PPE in ZnSe using nanoindentation. The illumination 
source was a tungsten halogen lamp with a flux of about 50 mW/ cm2 on the sample [22]. They 
indented (lll)ZnSe over the depth range from 40 nm to 450 nm and found al0% increase in hardness 
over this entire depth range. For the shallow indentations it seems unlikely that the dislocations 
would travel 10 µm and acquire equilibrium charge. Wolf et al. [22] proposed that the dislocations 
are charged by surface states of the ZnSe at shaUow depths and at deeper depths the dislocations 
acquire charge by moving thorough the crystal. Wolf et aL [22] also observed an increase in the 
load at which elasto-plastic deformation begins with illumination. Although ZnSe was not found to 
exhibit pop-in, they were able to elastically load the sample up to a threshold value beyond which 
elasto-plastic deformation began. They found that in darkness the critical load for elasto-plastic 
deformation was 34 ± 3 µN and with illumination the critical load was 44 ± 3 µN [22]. No reason 






Figure 2.13: Orientation of samples for bulk compression tests. zincblende samples are oriented 
for (111) slip (left) and wurtzite samples are oriented for either (0001) slip (left) 
or {1010} slip (right). After Osip'yan et al. [21]. 
23 
2.4 Electrical property changes with the presence of disloca-
tions 
The relationship between the presence of defects in a material and changes in the electrical proper-
ties of the surface has been studied for some time. Changes in the local atomic bonding resultant 
from defects have a direct influence on . the surface electrical properties. For example, dangling 
bonds associated with dislocatio.ns can act as acceptor-like sites [36, 62] whkh can .influence electri-
cal properties by trapping carriers so that the free carrier concentration is reduced. Also, a space 
charge region is developed around trapped carriers, e.g., electrons, which changes the local carrier 
concentration and band structure. Alberts ,et al. (36] measured the carrier concentration of various 
p-type A1xGa1_xAs layers .on a (OOl)Si substrate prepared using organometallic vapor phase epi-
taxy. For a 4 µm thick film the pre;ence of dislocations and microtwins near the AlxGa1_xAs/Si 
interface was confirmed using cross-sectional TEM. In this region the hole concentration, obtained 
by electrochemical capacitance-voltage (C-V) · measurement, was found to increase two orders of 
magnitude. Similar results have been obtained with ZnSe films on Ga.As [63, 64]. The trapping of 
electrons in n-type ZnSe lead to a decrease in the carrier concentration of about one order of mag-
nitude near the ZnSe/GaAs interface. Girault et al. f37] introduced dislocations in n-Hg0 _8Cd0 _2 Te 
by uniaxial plastic deformation at room temperature, arid found that at small deformations the 
carrier concentration decreased while at higher deformations the carrier concentration increased. A 
possible explanation given for the increase was the generation of donor-type point defects at higher 
deformations. Guergouri et al. (62] studied the effects of dislocations introduced by indentation on 
p-Cd0 _96 Zn0 ,04 Te. From C-V curves measured before and after indentation, the carrier concentration 
was found to increase from 9.25 x 1012 cm-3 to 2.4 x 1013 cm-3 . 
Whereas traditional materials analysis techniques, including secondary ion mass spectrometry 
(SIMS), spreading resistance profiling (SRP), and capacitance:-voltage (C-V) measurements have 
long been used for the characterizations of the electrical properties of surfaces mentioned above, they 
are limited by one-dimensional capability and· spatial resolution. · The maturation of atomic force 
microscopy (AFM) has brought on the development of a variety of techniques, based on the AFM, 
which enable the mea:surement a variety of properties including work function, electric field strength, 
resistanc.e and capacitance. The scanning probe microscope now enables these measurements to be 
performed with two-dimensional spatial resolution down to .10 nm [65]. The capability for high 
lateral spatial resolution allows for mapping local properties changes within the plane of the finished 
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surface or can provide the possibility for cross-sectioned samples (e.g., cleaved crystals) to be scanned 
across their thickness enabling damage-depth information to be obtained. 
Scanning surface potential microscopy, also known as scanning Kelvin probe (SKPM) microscopy 
(66] measures the contact potential difference ( difference in work functions) between the probe and 
the sample. The technique is explained in more detail in Sec. 2.5 however a brief explanation follows. 
To measure the contact potential difference, an AC voltage with DC offset is applied to a metal-
coated probe, and the sample, probe, and a well-controlled air gap between the probe and sample 
act as a capacitor. The associated electric field results in a force between the probe and sample, 
which at the frequency of the applied voltage, is proportional to the difference between the DC 
offset voltage and the contact potential difference between the sample and probe. A feedback loop 
is used to adjust the DC offset voltage to null the force at the frequency ofthe applied AC voltage. . . 
The offset voltage is equal to the contact potential difference between the sample and probe. A 
method for correcting for the possible distortions .in measured potential which may occur because 
of topography has been reported [67]. 
In a study of a cleaved GaAs/ AlAs multiple quantum well and a cleaved InAlAs/InGaAs het-
erostructure, surface potential on layers as thin as 40 nrn was able to be measured [68]. Lateral 
resolution as small as IO nm has been reported (65]. Agreement between measurements of the lo-
cation of a Si p-n junction made by scanning capacitance microscopy and scanning Kelvin probe 
microscopy has been reported [69]. 
2.5 Scanning Kelvin probe microscopy 
Scanning Kelvin probe microscopy (SKPM) is based on the Kelvin method (70] to determine the 
work function difference between a probe and sample. In SKPM a metal coated or heavily doped 
semiconductor probe is. used in an atomic force microscope which operates in "tapping mode" (in-
termittent contact mode). Topography and surface potential data are collected on two consecutive 
passes of the probe over a given ·area, .as shown in Fig. 2.14. After the topography of the surface 
is measured the probe is raised a user defined amount above the surface, usually IO - 70 nm, to 
measure the surface potential. On this pass a voltage (Vdc + Vac cos(wt)) is applied to the probe 
which because of the capacitance between the sample and probe causes a force on the probe in the 
vertical or z-direction given by [71]: 
(2.42) 
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where C is the capacitance between the sample and probe and Vis the potential difference between 
the sample and probe. The van der Waals forces between the probe and sample have been neglected 
in Eq. 2.42 because they are about one order of magnitude less [73] than the capacitive forces for 
typical probe-sample separation distances used. The potential difference between the probe and the 
sample is given by [71] : 
V = Vdc + Vac cos(wt) + .6. V (2.43) 
where .6. V is the potential difference between the probe and sample without an external voltage ap-
plied. To determine .6. V, the probe and sample can be analyzed &S a metal-insulator-semiconductor 
system [7 4]. From the energy band diagram for this case, shown in Fig. 2.15, .6. V is equal to 
(ef>probe - x - qVn - .6.ef>) where c/>probe is the work function of the probe, X is the electron affinity of 
the sample, qVn is the difference in the Fermi energy level and the conduction band in the bulk, and 








Figure 2.14: Schematic diagram of method of scanning Kelvin probe microscopy. The left part 
of figure shows the first pass of the probe to acquire the topography and the right 
part of figure shows the probe's second pass to acquire t he surface potential. After 
Bhushan and Goldade [72]. 
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Figure 2.15: Energy band diagram for a metallic probe near n:-type semiconductor separated 
by an insulating air gap: After Sze [74]. 
probe which has a constant component, a component at frequency wand a component at 2w. 
IoC{ 2 I 2 I 2 } Fz = - 2 oz (Vdc + .6.V) +2Vac + 2 (Vdc+ LiV) Vaccos(wt) + 2Vac cos(2wt) (2.44} 
The amplitude of the component _at frequency w is equal to: 
8C 
Fz w = -~ Vac (Vdc + Ll V) 
~ uz (2.45) 
To obtain the contact potential difference between the probe and the sample, Ll V, a feedback loop on 
the de component of the applied voltage to the probe (Vdc) is adjusted to null the force at frequency 
w. When this occurs the applied Vdc is equal to: 
- (¢probe~ X - qVn - Li¢) (2.46) 
In scanning Kelvin probe microscopy, the null voltage is recorded at discrete points to obtain a 
surface map of the contact potential difference. Equation 2.46 shows that the surface potential 
measurement is relative to the work function of the probe.· Scanning Kelvin probe microscopy is 
sensitive to anything that shifts either the Fermi level {qVn) or .the amount of band bending (Li¢) 
e.g., chemical contamination or damage [75]. 
Kaley and Spencer [76] us.ed scanning Kelvin probe microscopy to inv~stigate grown-in dislo-
cations in an n-GaN filrri and a Al0.35Ga0.65N/GaN heterostructure. Both the GaN film and the 
Al0_35Ga0_65N/GaN heterostructure contained small pits on the surface which were identified as 
screw or mixed screw-edge dislocations based on previous studies. The pits were approximately 2 
nm deep and had a full width at half maximum (FWHM) of 40 - 50 nm. The surface potential 
around these pits was found to be higher than the surrounding area. On the _Al0_35Ga0.65N/GaN 
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heterostructure the magnitude of the increase was 0.1 - 0.2 V and on the GaN film the increase of 
the surface potential was 0.3 - 0.5 V. The width of the increase in the surface potential was 100 -
200 nm (FWHM) for the Al0.35Ga0.65N /GaN heterostructure and 20 - 50 nm. (FWHM) for the GaN 
film. Koley and Spencer explained the increase in surface potential around the dislocations using a 
model similar to Read's model (77]. In Read's model dislocations act as acceptor sites with energy· 
slightly below the Fermi energy level. The dislocation becomes negatively charged as electrons pop-
ulate the acceptor sites which causes the bands to bend near the dislocation by an amount q!:l.¢, 
Fig. 2.16. 
Krtschil et al. (78] investigated the changes in surface potential around dislocations in GaN films 
with different dopants. Three 1 - 2 µm thick films with the following dopants were studied: undoped, 
ri ~ 1016 cm-3 ; Si doped, n ~ 1017 - 1018 cm-3 ; Mg doped, p ~ 1 ~ 2 X 1017 cm-3 • The surface 
of the sample contained pits which were identified as the termination of dislocations. For the Mg 
doped sample there was an increas.e in the surface potential a_round the dislocations.however on the 
. . 
Si doped sample no changes in the surface potential arom:id the dislocations was observ~d. On the 
undoped sample some of the pits showed an increase in surface potential while others had no chang~ 
in surface potential. Krtschil et al. suggest that the dopant atoms may decorate the dislocations and 
compensate the charge on dislocations. For the case of the Mg doped samples the increase in surface 
potential is explained by Mg- accumulating around the dislocation core and overcoming the positive 
core charge. For the Si doped samples Si+. accumulate around the dislocation core and compensate 
the negative core charge exactly. Krtschil et al. suggest that the undoped sample has impurities 
that may accumulate on the dislocation giving either a negative or neutral charge depending on the 
impurity. Krtschil et al. do nbt explain why in the case of the Mg doped sample the dislocation core 
would be positively charged whereas in the case of the Si doped sample the dislocation core would 
be negatively charged. 
~-'-.--- Conduction Band 
- - - - - - -· - - - - - - - Fermi Level 
· . .. ""'Disloc~tion Acceptor Level, Ed . 
~---Valence Band 
Figure 2.16: Schematic diagram of spatial dependence of potential around a: dislocation. After 
Read (77]. 
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Another possible explanation for the change in surface potential around dislocations in hexagonal 
piezoelectric crystals is the piezoelectric effect. In the theoretical paper by Shi et al. [79] two types 
of dislocations in GaN were considered: screw dislocations with Burgers vector b8 = (0001) and 
edge dislocations with be = !(1120). These two dislocations were chosen because the equations for 
the displacement of the atoms around the dislocation are well known and have a simple form [80]. 
For the screw dislocation the piezoelectric polarization in cylindrical coordinates ( r, B, z) was found 
to be: 
. Ps = bse15 {j 
2nr 
where e15 is a piezoelectric constant and the z direction is in the (0001) direction. The surface 
charge is given by <Yb = P · n and the volume charge by Pb = - V · P [81] where n is the outward 
pointing surface normal unit vector. The unit normal is 2 so there is no surface charge and the 
polarization is not divergent so the volume. charge is also zero. For the case of the edge dislocation 
the polarization around. the dislocation is given by: 
Pe= bee31(l ~ 2v) sinB 2 
2n(v - 1) r 
where v = ( c+, ) . The divergence of this polarization is. again zero however the surface charge 
c12 c11 
when the dislocation intersects the surface is non-zero. The surface charge density is given by: 
bee31 (1 - 2v) sin B 
a:b=. 2n(v-1) -r-·; 
For GaN Shi et al. [79] calculated a surface charge density on the order of 1011 e/cm2 at a radius of 
100 nm from the dislocation core. Although this analysis does not analyze other possible dislopations 
in hexagonal piezoelectric crystals, it demonstrates that the piezoelectric effect may have an influence 
on the surface potential. 
Bai et al. (82,83] studied the charge on stationary dislocations by measuring the surface potential 
around indentations and scratches 1.n (llO)ZnS. The samples were prepared by cleaving to expose a 
(110) surface. The indentation in the surface was a Vickers indentation with a size of approximately 
20 µm on a side which corresponds to a depth of 4 µm. Bai et al. assumed that the charge density 
in the near surface is independent of depth and· then calculated the charge density. using the two 
2 ··2 · · 
dimensional Poisson's equation, 8 ~(~,Y) + 8 ~(~,y) = - Pe(x,y) where V(x, y) is the measured surface 
X Y · Er 
potential, Pe is the charge density, E is the permittivity, and x, y are the lateral coordinates. They 
2 . 
estimated the dislocation density from the topographical data using Pd(x, y) = 8 ;;;~y) b: where 
pd(x, y) is the dislocation density, z is the height of the sample, x, y are the lateral coordinates 
and bz is the magnitude of the Burgers vector in the z direction. The charge on dislocations 
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was calculated at every data point by dividing the charge density by the dislocation density. The 
maximum charge density was found to be -1.5 x 10-10 C/m for S(g) dislocations and 1 x 10-10 
C/m for Zn(g) dislocations. These values are the same order of magnitude as previous reported 
values on the charge of moving dislocations in ZnS, -3 x 10-10 C/m for S(g) dislocations [84]. This 
same group reported similar results for dislocations around scratches in (llO)ZnS [82]. 
Weaver and Wickramasinghe [75] combined scanning Kelvin probe microscopy -with illumination · 
of the sample with above band gap enerITT,T to measure the surface photovoltage of silicon and gallium 
arsenide. Figure 2.17 shows the band diagram for a doped n-type semiconductor in darkness (a) 
and with illumination {b). In darkness the filled surface states cause the conduction and ·valence 
bands to bend upward. With above band gap illumination electron-hole pairs are generated and the 
photo-generated holes are attracted to the electrons '1n the surface state~ and recombine -with them 
lessening the band bending. When the conduction and valence bands are fl.at the sample is said to 
be saturated or at the fl.at band potential. The change in the amount of band bending is measured 
by SKPM and is called the surface photovoltage. The surfaGe photovoltage is sensitive to changes in 
the rate of generation of carriers, the rate of recombination, and the amount. of band bending at the 
surface [75]. These changes can be caused by disiocatiohs, doping, trapped charge or passivation [75]. 
Weaver and Wickramasinghe demonstrated the use of surface photovoltage to detect n- and p-type 
do pants in Si and· a crack in p-type Si .. A crack in the silicon sample intersected the surface at an 
angle such that part of the crack tip was not detected with. the topography measurement but was 
. ·- . 
detected with the surface photovoltage. They also measured differences iri the surface photovoltage 
of a polished GaAs wafer. Based on the shape of the region with a change in the surface photovoltage, 
they interpreted it as caused by dislocation loops beneath the surface of the wafer. 
Whereas Weaver and Wickramasinghe [75] used above band gap illumination and measured the 
surface photovoltage at the nanometer length scale, others have used below band gap illumination 
and measured the :;;urface photovoltage at. the micrometer or larger length scale. [85]. Balestra et · 
al. [86] presented ~ model for the analy~is of the time dependence of the surface photovoltage when 
using below band gap illumination in order to determine some of the surface state parameters. 
These surface state parameters include the concentration of electrons in the surface states with and 
without illumination; the density of unoccupied surface states with illumination, and the capture 
cross-section for photons of the surface states. The model makes the following assumptions: 1) there 
are no minority carriers with or without illumination, 2) there is no appreciable change in the bulk 
free electron density with illumination, 3) the only free carrier generation process is the transition of 
















Figure 2.17: Effect of above band gap illumination on the band structure of the near surface of 
an n-type semiconductor. (a) shows the band structure in darkness with surface 
states causing upward band bending. (b) shows the diffusion of photo-generated 
carriers to the surface. From Weaver and Wickramasinghe [75]. 
at the surface, and 5) the surface photovoltage for hv::::; Ee~ Et is primarily because of transitions 
from surface states with energy Et. Figure 2.18 shows a schematic diagram of. the time-dependent 
surface photovoltage response. The sample is initially in darkness and the flat band potential is 
given by i,:0 , when theJight is turned on at t = t0 , the surface potential increases to a steady-state 
value of i,:1. After steady-:state is reached the light is turned off at t = t 1 and the surface voltage 
decreases. In order to obtain the density of occupied surface states, the light intensity I and the flat 
band potential i,:0 must be known. The density of occupied surface states in darkness is given by: 
o a 8v; 1 
n = ·---------
t 2 I o11;2 I+ vl/vo vs s s 
where a is a constant giveri below and the lower case v's are dimensionless surface voltages. The 
dimensionless surface voltages are given by Vs = qVs/kT where q is the charge of an electron, k 
is the Boltzmann constant and T is the absolute temperature. The superscript O refers to the 
sample in darkness, and the superscript 1 refers to the illuminated sample. The constant a is 
given by a = .}2EkTnb/ q2 where E is the dielectric permittivity of the semiconductor and nb is the 
electron concentration in the bulk of the semiconductor. The density of occupied surface states with 
.. 1 
illumination is given by nl = -nr~. Lagowski et al. [87] used these results to calculate the surface 
v. 
state parameters for basal and prismatic surfaces of CdS. They found a surface state at an energy 
level of I.I eV (Ee - Et) for the prismatic surfaces that was not found on either the cadmium or 
sulfur surfaces that . had been etched however on some of the mechanically polished cadmium and 
sulfur surfaces this surface state was observed. They attribute this surface state to surface defects 
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Figure 2.18: Schematic diagram of the time-dependent s1irface photovoltage respons~. After 




This chapter presents methods for the preparation of the ZnO surfaces used in the experiments and 
the experimental procedure involved in evaluating the surfaces. The surface preparation techniques 
were chemomechanical polishing, etching and mechanical polishing with either 1/4 µm or 1 µm 
diamond abrasives. The principal technique used to 1nvestigate the hear surface was nanoinden-
tation which measures the near surface response to mechanical loading including elastic modulus 
and hardness. Scanning Kelvin probe microscopy was used to observe dislocation rosettes around 
indentations. Translllission electron microscopy (TEM) was used to. determine· the extent of near 
surface damage in some of the polished samples. Cross-sectional TEM samples were prepared at 
OSU and investigated at Los Alamos National Laboratory. 
3.1 Sample preparation 
Hexagonal (wurtzite) ZnO grown by the seeded chemical vapor transport (SCVT) method, and 
supplied by Eagle-Picher was used for all of the experiments. A ZnO crystal possesses two distinct 
polar faces normal to the (0001) axis, a Zn-terminated (0001) face (Zn face) and an 0-terminated 
(0001) face (0 face). Both faces were studied in the present work. In addition, surfaces parallel to 
the prismatic planes, {1010} and {1120}, were investigated. The samples had an etch pit density 
of 1 - 2 x 105 cm-2 , and were of nominal dimensions 8 - 10 mm x 10 mm x 0.7 mm. The 
samples were not intentionally doped but were n-type with a carrier concentration on the order of 
1017 cm-3 . The purity of the ZnO samples was 99.9999 % or better as measured by glow discharge 
mass spectroscopy (GDMS) [88]. The major impurities, those over 10 parts per billion atomic 
(ppba), and their average concentration measured in six repeat measurements using four different 
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samples are shown in Table 3.1. The oriented wafers were sawn from a boule and then etched in 
5 vol% trifluoroacetic acid (F 3CCOOH) and de-ionized H20 (15 Mn-cm) to remove about 25 µm 
from the saw-damaged surface. The wafers were processed on both sides by first lapping and then 
chemomechanical polishing. This provided flat, minimally damaged surfaces which could be then 
further processed. Lapping was performed using a commercial· lapping machine with a cast iron 
wheel and a 9 µm Al20 3 /de-ionized H20 slurry resulting in an additional 50 µm of material removal 
from each side. This was followed by chemomechanical polishing using i commercial polishing 
machine and a slurry of a 1:8 ratio of sodium hypochlorite:colloidal silica (9.1 pH). Approximately . 
25 µm of material from each side was removed under low load conditions of 1. 7 x 10-2 MPa. The 
(0001) surfaces were prepared with the following polishing preparations: 1) mechanical polishing 
with 1 µm diamond abrasive/de-ionized H2'0 slurry, 2) mechanical polishing with 1/4 µm diamond 
abrasive/de-ionized H20 slurry and 3) chemomechanical polishing as described above. Mechanic:;al 
polishing was performed using a nylon pad and a pressure of 1.4 x 10:-2 MPa. Etched surfaces 
were prepared after chemomechanital polishing by etching in trifluoroacetic acid/de-ionized H20. 
The (0001), {1010} and {1120} surfaces were prepared by cherriomechanica1 polishing. Figure 3.1 
shows an atomic force microscopy image of a chemomechanical polished (0001).ZnO surface. Typical 
surface roughnesses were <1 nm rms over a 1 µm2 scan area for the etched (0001) surfaces and all 
. . . 
chemomechanically polished surfaces, and <5 nm rms for the mechanically polished° surfaces. 












Table 3.1: Major impurities in SCVT ZnO as measured by GDMS (88]. 
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Figure 3.1: Atomic force microscopy image of chemomechanical polished (OOOl)ZnO with lat-
eral dimensions 5 µm x 5 µm and vert ical dimension of 50 nm. The surface rough-
ness is about 0.3 nm rms. 
3.2 Nanoindentation 
Nanoindentation was performed using a load-controlled commercial nanoindenter (Hysitron Tribo-
Scope® , Hysitron Inc.) in conjunction with an atomic force microscope system . The indentation 
system uses a t hree plate pa rallel capacitor to apply the load to the sample and to measure dis-
placement. The resolut ion of the system is 1 nN for the vertical force and less than 1 nm for the 
vert ical displacement. T he maximum force is about 10 mN and the maximum indenter displace-
ment is 20 µ m . A Berkovich diamond indenter , Fig. 2.4, was used for all indentations. To obtain t he 
a rea function of t he indenter and frame compliance of the instrument, the system was calibrated by 
indenting into reference materials using the procedure outlined in Appendix A. Prior to perform-
ing each experiment, the instrument and sample were allowed to thermally equilibrat e for 10 - 12 
hours inside a thermal enclosure. The instrument's drift rate was checked before each indentation 
to confirm t hat it was less than 0.1 nm/sec averaged over a five second interva l. The raw data 
were t hen corrected for the measured drift rate. Both single and multiple loading test cycles were 
perfo rmed , where single loading was used principally to investigate the initia l stages of indentation, 
and mult iple loading was used to investigate hardness and modulus dependence with penetration 
depth . F igure 3.2 shows a schematic diagram of the loading curves. The single loading sequence 
typically consisted of loading and unloading at 50 µN / sec with a 5 sec hold at t he peak load to allow 
any t ime dependent plastic effects to diminish. The multip le loading sequence consisted of loading 
and unloading for t hree successive times at 100 µ N/sec (500 µ N/sec for peak loads > 1000 µ N) with 






Figure 3.2: Single loading-unloading sequence for small indentations (left) and multiple loading-
unloading sequence for larger indentations (right). 
For nanoindentation experiments measuring the photoplastic effect and the surface photovoltage 
experiments the light source was a 30 W quartz-halogen fiber optic light. The light had three 
intensity settings and the power at each setting was measured with a Coherent LMlO power meter. 
To obtain the flux the measured power was divided by the area of the power meter detector. The 
measured flux of each setting was: low, 12 mW /cm2 ; medium, 20 mW /cm2; and high, 40 mW /cm2; 
unless otherwise stated the high setting was used for the experiments. The spectral characterization 
of the light was measured with a 0.5 m monochromator and the results are shown in Fig. 3.3. 
The small steps in the plot-at higher wavelengths (> 520 nm) is an artifact of the measurement 
system. The intensity of light with wavelength shorter than the room temperature band gap of ZnO, 
approximately 380 nm, is small compared to the intensity of light with wavelength greater than 380 
nm. 
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Figure 3.3: Spectrum of light used for photoplastic and surface photovoltage experiments. 
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in darkness, typically with a spacing of 20 µm between indentations, were performed first. The 
sample was illuminated at least two hours prior to further indentation. The indentations with 
illumination were performed typically 20 µm from the indentations that were made in darkness as 
shown in Fig. 3.4. The measured temperature increase inside the indentation enclosure caused by 
the light was about 6 K. For the surface photovoltage experiments the sample was typically scanned 
in darkness first and then immediately scanned with the sample illuminated. 
3.3 Scanning Kelvin probe microscopy 
Scanning Kelvin probe microscopy was performed using a commercial scanning probe microscope 
(Dimension TM 3100, Digital Instruments (now Veeco) Inc.). Two types of probes were initially used 
for the experiments, Co-Cr coated probes and n-Si probes. The Si probes had a carrier concentration 
of about 5 x 1015 cm - 3 and a nominal tip radius of 20 nm. For the surface photovoltage measure-
ments, the Si probes were not used because the effect of the light on the probe would be convolved 
with any measured changes in the sample. The surface topography and the contact potential differ-
ence are obtained on two consecutive passes of the probe over the sample surface. On the first pass 
the surface topography is measured, on the second pass the probe is raised a user-defined amount 
and the contact potential difference is measured. For these experiments the probe was typically 
raised 30 nm above the surface. On the second pass a voltage, Vac + Vac sin( wt) is applied to the 
probe. Typically a value of 5 - 6 V was used for the component Vac· The de component, Vac, was 
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Figure 3.4: Schematic diagram of indentation pattern for indentations performed in darkness 
and with sample illumination. Typical spacing between indentations was 20 µm. 
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3.4 Sample preparation for transmission electron microscopy 
Chemomechanical polished and 1/4 µm mechanical polished (OOOl)ZnO samples were prepared using 
standard preparation techniques. Briefly, the samples were cut to size with a wire saw and polished 
by hand using a Tripod polisher to hold the samples. The samples were polished on diamond 
impregnated films with successively smaller grit size from 30 µm grit size to 1 µm grit size. This 
reduced the sample thickness to about 80 - 100 µm. The sample thickness was reduced to electron 
transparency using ion milling. Argon ions were used with an energy of 4.5 ke V for rough milling 
and 3 ke V for final milling. 
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Chapter 4 
Results and Discussion 
The near surface mechanical behavior of ZnO was investigated principally by nanoindentation. 
The effects of surface preparation on the near surface mechanical behavior were investigated for 
(OOOl)ZnO. The variation of the mechanical behavior with crystallographic direction was studied 
by comparing the results of chemomechanical polished (OOOl)ZnO with chemomechanical polished 
(OOOI), {1010} and {1120} surfaces. The changes in the near surface mechanical behavior with 
exposure to "white" light was investigated for etched (0001) surfaces and chemomechanical polished 
{1010} surfaces. The structure of dislocations around indentations in chemomechanical polished 
(0001) and (OOOI) surfaces was studied using scanning Kelvin probe microscopy. 
4.1 Effects of surface preparation on the near surface me-
chanical behavior 
In order to study the effect of surface preparation on the mechanical behavior of ZnO nanoindentation 
experiments were performed on chemomechanical polished, 1 / 4 µm and 1 µm diamond abrasive 
mechanical polished, and etched (OOOl)ZnO. The surfaces were prepared as outlined in Sec. 3.1 and 
· the data analyzed as in Sec. 2.2.1. 
4.1.1 Comparison of hardness, elastic modulus, and pop-in 
Figure 4.1 shows two indentations with a maximum load of 500 µN in chemomechanical polished 
and etched (0001) surfaces. The abrupt increase in penetration at a given load (Pcrit), referred to 
as "pop-in" [89], has been observed in many semiconductors and metals as discussed in Sec. 2.2.2. 
For the etched and chemomechanically polished surfaces, pop-in was observed in all the experiments 
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Figure 4.1: Load-depth curves obtained for chemomechanical polished (black circles) and etched 
(gray circles) (0001) surfaces. 
performed, and the conditions of load and indentation depth at which it occurred were found to 
be highly repeatable. In all cases, pop-in occurred at a lower critical load for the etched surfaces 
(118 ± 11 µN) as compared to the chemomechanically polished surfaces (155 +4/-5 µN), where the 
deviation from the average is expressed here as the maximum and minimum values obtained for five 
repeat indentations. The nature of the pop-in observed in ZnO can be examined by considering the 
initial portion of the loading curve. For indentations performed with a maximum load below the 
critical load at pop-in, the strain produced was found to be totally recoverable. This was confirmed 
by the fact that the loading curve was re-traced during unloading returning to zero indentation 
depth, and also by measurement of the surface topography immediately after indentation with the 
AFM which showed no residual impression. One can further examine the loading region prior to 
pop-in by considering the Hertzian solution for a non-rigid spherical indenter in contact with an 
elastic halfspace, i.e., P = !ErR112 h312 where R is the radius of the spherical indenter and Er is 
the reduced elastic modulus given by 
For shallow indentations, the shape of the Berkovich indenter can be considered spherical, and its 
radius determined by matching the areas of an ideal sphere to that obtained by the calibration 
of the indenter tip. Using the measured elastic modulus and R = 214 nm as determined above, 
the loading region was found to follow the elastic solution, shown in Fig. 4.1 as the dashed line. 
This purely elastic behavior suggests that the release of strain energy at pop-in corresponds to a 
dislocation nucleation event [89], and the initial yield point. To further support this statement, one 
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can estimate the maximum shear stress under the indenter at the onset of pop-in using the same 
elastic solution above, which is given as [90]: Tmax = (0.31/rr)(6PcritE;/R2 ) 113 • Using the measured 
values for Pcrit one obtains values of Tmax of 6.8 GPa for the (0001) etched surface and 7.2 GPa for 
the (0001) chemomechanically polished surface. A simple estimate of the theoretical shear stress 
required to cause interatomic slip, Ttheo = G/21r (where G = 45.3 - 45.8 GPa [31] is the reported 
aggregate average shear modulus of ZnO) results in a value of Ttheo = 7.2 - 7.3 GPa and indicates 
agreement with the estimated maximum shear stress under the indenter. It is interesting to note 
that a defect density of 2 x 105 /cm2 (etch pit density 1 - 2 x 105 /cm2 for the crystals used in 
the study) implies the unlikelihood of encountering a defect during indentation at very small depths 
(2 nm total defect length per µm3 ), which is consistent with the material's observed behavior as a 
defect free crystal. 
Figure 4.2 shows two consecutive, neighboring indentations made on a chemomechanically pol-
ished surface; the presence of the first indentation was found to suppress the occurrence of pop-in 
in the second. The initial indentation which was made with a maximum load of 500 µN was seen 
to exhibit pop-in. When a second indentation was made which neighbored, but did not overlap the 
first, pop-in was not observed. The presence of dislocation sources produced by the first indentation, 
which provide nucleation sites for dislocation motion, is the likely cause. This result is consistent 
with the results of Miyahara [54] who also observed that a neighboring indentation suppressed the 
occurrence of pop-in during the nanoindentation of single crystal tungsten. Figure 4.2 also shows 
that the depth of penetration for the second indentation is less than that for the first indentation. 
This suggests that the hardness is higher for the second indentation which is most likely caused by 
the increase in dislocation density caused by the first indentation. 
In Fig. 4.3, load-depth curves are shown for a (0001) surface which was chemomechanically 
polished and one which was mechanically polished with 1 µm diamond abrasive. In contrast to 
the chemomechanically polished surface, the initial loading curve for the mechanically polished 
surface does not follow elastic behavior, exhibiting plastic deformation from the very beginning 
of indentation. In addition, no pop-in event is observed. These results were found to be highly 
repeatable, and were seen for all experiments on the mechanically polished surfaces (both 1/4 µm 
and 1 µm diamond abrasive). Error bars using maximum and minimum values for five repeat 
indentations are shown at both the low and high end of loading. The immediate onset of plastic 
deformation and the absence of pop-in is again attributed to the presence of defects resultant from 
mechanical polishing. This is consistent with other observations of the suppression of pop-in with 
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Figure 4.2: Two neighboring indentations made in chemomechanical polished (OOOI)ZnO. The 
first indentation (black circles) exhibited pop-in whereas the second (gray circles) 
did not. 
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Figure 4.3: Load-depth curves for (0001) surfaces prepared by 1 µm mechanical polishing (gray 
circles) and chemomechanical polishing (black circles). 
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Hardness values obtained for the (0001) surfaces are shown in Fig. 4.4. The results are shown with 
respect to contact depth, he, the depth at which the indenter was in contact with the surface at the 
values of load and area used to calculate hardness. Hardness is seen to decrease with increasing depth 
for all surface preparations, referred to as the indentation size effect, and may have a physical basis 
as described by strain gradient plasticity [56], further explained in Sec. 2.2.3. The hardness at a given 
depth is seen to increase with increasing severity of surface preparation, ordered from the etched 
surface (minimally damaged), to chemomechanically polished, to mechanically polished with 1/4 
µm abrasive and finally 1 µm abrasive (most damaged). The etched surface is minimally damaged 
because the chemical etchant preferentially reacts with material around dislocations. This leaves 
pits in the surface where dislocations were and outside the pits the near surface is free of dislocations 
however point defects and changes in the stoichiometry may exist in this region. Indentation was 
also performed on the chemomechanically polished (0001) surface at the maximum instrument load 
which corresponded to a depth of about 260 nm, and revealed an average value of 3.5 GPa indicating 
that hardness approached a constant value with increased depth. This value is consistent with the 
hardness reported by Regel et al. [24] of 3.9 GPa for the (0001) surface. 
The indentation modulus was determined for all prepared surfaces over the same depth range 
as for the hardness. The indentation modulus is defined as Ms = ( ~r - 1~~; )-l where Mr is the 
measured reduced indentation modulus and Vi and Ei are Poisson's ratio and elastic modulus of the 
diamond indenter. Results at a depth of 150 nm are shown in Table 4.1. Surface preparation was 
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Figure 4.4: Hardness for (0001) surfaces with different surface preparations. 
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severe surface preparation (1 µm abrasive mechanical polished) exhibited a lower modulus (131 
GPa). Overall, the measured values are consistent with the theoretical values shown in Table 2.6 
with the inclusion of the piezoelectric effect (Ms = 151- 155 GPa). Values obtained for depths of 50 
nm for all surfaces were about 8% higher, but showed no trend with surface preparation. The lower 
value of indentation modulus for the 1 µm mechanical polished sample may in part be caused by a 
lowering of the piezoelectric effect. Zhao et al. (92] compared the measured piezoelectric coefficient 
(d33 ) for bulk single crystal (OOOl)ZnO and ZnO nanobelts which were free from dislocations. They 
found that the ZnO nanobelts had a significantly higher piezoelectric coefficient and suggest that it 
may have been caused defects in the bulk ZnO but also state that it may have been cause by different 
boundary conditions. Further study is required to determine the cause for the lower indentation 
modulus of the· 1 µm mechanical polished samples. 
4.1.2 Transmission electron microscopy of prepared surfaces 
Because the near surface indentation hardness was found to increase with increasing severity of sur-
face preparation, more information about the near surface of the prepared samples was sought by 
using cross-sectional TEM. TEM samples were prepared at OSU as discussed in Sec. 3.4 for exami-
nation at Los Alamos National Laboratory. Results for (OOOl)ZnO samples prepared by chemome-
chanical polishing and 1/4 µm abrasive mechanical polishing are shown in Figs. 4.5 and 4.6. The 
chemomechanical polished sample shows no dislocations. The 1/4 µm abrasive mechanical polished 
sample shows non-uniform dislocations loops to a depth of 80 - 100 nm which is comparable to the 
depths obtained by ion channeling (19]. 
Preparation Indentation Modulus of Sample, Ms (GPa) 
etched 151 ± 7% 
chemomechanical polished 151 ± 5% 
1/4 µm mechanical polished 153 ± 3% 
1 µm mechanical polished 131 ± 8% 
Table 4.1: Indentation modulus of samples at a depth of 150 nm for (OOOI)ZnO with various 
surface preparations. 
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Figure 4.5: Cross-sectional TEM image of 
chemomechanical polished (OOOl)ZnO. 
Figure 4.6: Cross-sectional TEM image of 
1/4 µm mechanical polished (OOOl)ZnO. 
Dislocations extend approximately 80 nm 
below the surface. 
4.2 Variation of near surface mechanical behavior with crys-
tallographic orientation 
To study how the near surface mechanical behavior varies with crys tallographic orientation, (0001) 
chemomechanical polished , {1010} chemomechanical polished and {1120} chemomechanical pol-
ished surfaces were investigated. Indentation of the chemomechanical polished (0001) surface was 
performed with the same maximum indentation loads as the (0001) surface. All of the indentations 
in (0001) surfaces exhibited pop-in. The average load at which pop-in occurred was 151 ± 17 µN, 
where the deviation is one standard deviation obtained from 21 indentations. This is in agreement 
with the value obtained for the (0001) surface (155 +4/-5 µN) . Figure 4.7 shows a comparison of 
the hardness values obtained for the (0001) and (0001) surfaces for contact depth, he from about 
20 nm to 260 nm. Hardness values for the two surfaces agree wit h each other at the shallow in-
dentation depths and the deepest depth. For the indentations with a contact depth of 150 - 170 
nm, the (0001) surface is slight ly harder. Differences in hardness have been reported for other polar 
materials including, GaP [93], GaAs [94] and InSb [95]. Differences in hardness at the shallowest 
indentation depths, less than 60 nm, may not be observed because of scatter in the data. At the 
deepest indentation depth differences in the near surface may only contribute a small portion to 
measured hardness values. The indentation modulus for the (0001) surface at a depth of 150 nm 
was 152 GPa ± 10% which is simila r to the value obtained for the (0001) surface at this depth. The 
indentation modulus increased approximately 12% for a depth of 50 nm. 
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Figure 4.7: Comparison of hardness for chemomechanical polished (0001) and (OOOI) surfaces. 
face and a (0001) surface. Both surfaces exhibit pop-in at about the same critical load, however 
the lengths of the pop-in excursions differ significantly. The critical load for pop-in on the {1010} 
surface was measured to be 169 +30/-16 µN. The average length of pop-in for the {1010} sur-
face is 9 nm compared to 4 nm for the (0001) surface. The longer pop-in length shows that the 
{1010} surface is capable of accommodating more strain before dislocation motion is arrested by 
the opposing backstress created by dislocation pile-up [96]. The deeper penetration into the sur-
face for the same applied maximum load illustrates lower hardness for the {1010} surface. Deeper 
indentations confirmed this as well. Shown in Fig. 4.9 is a comparison of the {0001), {1010} and 
the {1120} chemomechanically polished surfaces. No discernible differences in pop-in, hardness or 
elastic modulus were measured between the {1010} and the {1120} surfaces. 
Hardness values obtained for the {1010} surface compared to {0001) surface~ are shown in 
Fig. 4.10. As was the case for the (0001) surfaces, the {1010} surface exhibited the indentation 
size effect. The lower value of hardness for the {1010} surface, indicated in Figs. 4.8 and 4.9 can also 
be seen here. Hardness values obtained for the {1010} and {1120} surfaces, showed no measurable 
difference. The measured value of hardness for the {1010} surface at 190 nm of 2.1 GPa is also in 
agreement with the result of Regel et al. [24] of 2.0 GPa. 
The indentation modulus was determined for the {1010} and {1120} surfaces over the same depth 
range as for the hardness. The indentation modulus at a depth of 126 nm was 151 -7 / + 11 GPa for 
both of these surfaces which was similar to that observed for the (0001) and (0001) surfaces. The 
indentation modulus was about 9% higher at a depth of 62 nm which is also consistent with the 
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Figure 4.10: Hardness for (0001) and {1010} surfaces. 
4.3 Effects of illumination on the near surface mechanical 
behavior 
Illumination is known to alter the hardness or flow stress of many bulk II-IV semiconductors as 
shown in Sec. 2.3, however only (lll)ZnSe has been investigated in the near surface [22,61]. In this 
section the change in the near surface hardness of etched (OOOl)ZnO and chemomechanical polished 
{lOIO}ZnO are reported. The light source used in the experiments was a quartz-halogen lamp with 
fiber optics. The intensity as a function of wavelength for this lamp is shown in Fig. 3.3, Sec. 3.2. 
The light source produced a flux of approximately 40 mW /cm2 on the sample and the temperature 
rise caused by it was measured by a thermocouple in the indentation chamber to be less than 6 K. 
Figure 4.11 shows two 500 µN peak load indentations on the (0001) surface made with sample 
illumination and in darkness. In both cases pop-in is observed, (a) and (b) in Fig. 4.11. Single 
pop-in events were observed for all indentations. The average load and standard deviation at the 
onset of pop-in was 167 ± 14 µNin darkness and 233 ± 22 µN with sample illumination for fifteen 
indentations. A similar delay in the onset of plasticity with illumination was also observed by Wolf et 
al. [22] for the nanoindentation of (lll)ZnSe. Although (lll)ZnSe did not exhibit pop-in, there was 
a critical load below which no plastic deformation was observed. Existing models for the nucleation 
of dislocations during nanoindentation e.g., [97-100], are not able to explain the increase in load at 
pop-in which occurs during illumination. All of these models involve the stress state of the material 
and they do not address changes that could be caused by illumination. Figure 4.11 also shows less 
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indenter penetration with sample illumination implying an increase in the hardness with illumination 
i.e., a positive photoplastic effect (PPE). 
Figure 4.12 shows hardness as a function of contact depth with sample illumination and in 
darkness. In both cases the indentation size effect, an increase in hardness with decreased indentation 
depth, is seen. The hardness in darkness was found to increase from an average of 3.1 GPa at a 
contact depth of 272 nm to an average of 5.6 GPa at a contact depth of 28 nm which is consistent with 
the previous results on etched (OOOl)ZnO. Hardness at the largest d~pth, 3.1 GPa, is consistent with 
400 kg/mm2 HV [24] (,:::: 4.3 GPa) measured by microindentation. The hardness of the illuminated 
sample increased from an average value of 3.1 GPa at 274 nm to an average of 6.7 GPa at 24 nm. 
To a depth of 100 nm the hardness of the illuminated sample is found to be 7% to 20% greater than 
that measured in darkness. Beyond this depth no observable difference in hardness is found. The 
positive PPE is most often attributed to the charging of dislocations as they move through the crystal 
and acquire electrons from defects which have energy levels within the band gap [21]. The charged 
dislocations can then interact electrostatically with each other and/or the crystal lattice which can 
produce a hardening of the material (22]. For bulk II-VI materials, estimates of the length of travel 
needed for a dislocation to acquire equilibrium charge are about 10 µm (21]. The present results 
are less than the 30% to 40% increase in flow stress observed in bulk compression tests of ZnO [60] 
however they are consistent with the 10% increase in near surface hardness observed in (lll)ZnSe 
for similar illumination conditions (22]. The observation of a positive PPE effect at length scales 
significantly smaller than that required for dislocation charging was attributed by Wolf et al. [22] 
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Figure 4.11: Comparison of indentations performed in etched (OOOl)ZnO with illumination and 
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Figure 4.12: Hardness as a function of contact depth for etched (OOOl)ZnO with sample illu-
mination (circles) and in darkness (squares). Error bars denote the minimum and 
maximum of the data. 
to the much shorter dislocation travel distances required due to the high density of surface states 
which have energy levels within the band gap. We attribute the apparent absence of the PPE in the 
depth region greater than 100 nm to a reduced effect of the surface states on dislocation charging 
in this region and insufficient bulk charging resultant from short travel distances. 
Figure 4.13 shows two 500 µN peak load indentations on the {IOIO} surface made with sample 
illumination and in darkness. In both cases pop-in is observed, (a) and (b) in Fig. 4.13. For 
this surface single pop-in events were observed for all indentations performed in darkness however 
occasionally with the sample illuminated multiple pop-in events were observed. Because this only 
happened four times in approximately 30 indentations, the indentations with multiple pop-in events 
were excluded from further analysis. The average load and standard deviation at the onset of pop-in 
was 155 ± 7 µN in darkness and 193 ± 22 µN with sample illumination for fifteen indentations. 
Figure 4.14 shows hardness as a function of contact depth for the {1010} surface with sample 
illumination and in darkness. In both cases the indentation size effect is observed. The hardness 
in darkness was found to increase from an average of 1.4 GPa at a contact depth of 385 nm to an 
average of 3.3 GPa at a contact depth of 40 nm. Hardness at the largest depth, 1.4 GPa, is about half 
that of the measured hardness at the largest depth for the (0001) surface, 3.1 GPa. The hardness 
of the illuminated sample increased from an average value of 1.4 GPa at 388 nm to an average of 
3.5 GPa at 39 nm. To a depth of about 130 nm the average hardness of the illuminated sample is 
found to be 4% to 9% greater than that measured in darkness. Beyond this depth no observable 
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Figure 4.13: Comparison of indentations performed in chemomechanical polished {1010}Zn0 
with illumination and in darkness showing the load at pop-in (a) in darkness and 
(b) with illumination. 
(0001) surface and most likely is caused by differences in the charging of dislocations involved for 
the indentation on the different planes. Based on the rosette pattern shown in Sec. 4.4 and cross-
sectional TEM of spherical nanoindentations [26], indentations on the (0001) surface most likely 
involve slip on the {0001} and {1011} or {1012} planes. For indentation on the {1010} surface, slip 
involves principlally the {0001} planes because these slip planes are perpendicular to the direction 
of indentation. A plausible explanation for the larger photoplastic effect observed on the {0001} 
surface than the {1010} surface is that dislocations on the {1011} or {1012} planes charge more 
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Figure 4.14: Hardness as a function of contact depth for chemomechanical polished {lOlO}ZnO 
with sample illumination (circles) and in darkness (squares). Error bars denote 
the minimum and maximum of the data. 
51 
4.4 Use of scanning Kelvin probe microscopy to observe in-
dentation dislocation rosettes 
Indentation followed by chemical etching has long been used to study the plasticity of single crystals. 
Etch pits around the indentation form a pattern or "rosette" which provides information about the 
slip systems of the indented material. Other techniques to observe indentation dislocation rosettes 
include plan view and cross-sectional transmission electron microscopy (TEM) and cathodolumines-
cence (CL). In this section we demonstrate the use of scanning Kelvin probe microscopy with sample 
illumination by a quartz-halogen lamp to observe indentation rosettes in chemomechanical polished 
and etched {0001 }ZnO. 
Figure 4.15 shows the topography (top) and contact potential difference (bottom) around an 
indentation with a maximum load of 500 µN on a chemomechanical polished (OOOI)ZnO surface 
acquired with the sample in darkness. The lateral size of the images is 5 µm x 5 µm and the depth 
of the indentation is approximately 25 nm. The topography shows a mostly flat surface around the 
indentation with some debris near the bottom of the image. The roughness of the area excluding 
the indentation is about 1 nrri rms. Slip lines, which have been observed around indentations in 
other materials such as (lOO)MgO [101], were not observed around indentations in ZnO. The contact 
potential difference does not show any pattern around the indentation however some of the debris 
does have a relatively low surface potential. For all contact potential difference figures the average 
value of the contact potential difference has been subtracted out so that small variations may be 
shown. 
Figure 4.16 shows the topography (top) and contact potential difference (bottom) of the same 
indentation as in Fig. 4.15 however the measurements were obtained with the sample illuminated. 
The data in Fig. 4.16 was obtained immediately after the measurement in darkness. The topography 
of Fig. 4.16 shows that the scanning probe microscope scanner has moved slightly but the topography 
is otherwise the same as in Fig. 4.15. The contact potential difference shows a central zone of 
lower potential around the indentation and six arms emanating from the indentation. This rosette 
pattern is consistent with etch pit rosettes observed around Vickers microindentations on (OOOl)ZnO 
[102] and (OOOI)ZnO (24]. The observed rosette pattern is also co~sistent with the rosette pattern 
around spherical nanoindentations in (OOOl)ZnO observed by room-temperature monochromatic 
cathodoluminescence (26]. The direction of the rosette arms was determined by an indirect method. 
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Figure 4.15: Topography (top figure) and con-
tact potential difference (bottom figure) of 
a (OOOl)ZnO indented surface measured in 
darkness. The location of the indentation 
is shown in the contact potential difference 
figure by the white triangle. 
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Figure 4.16: Topography (top figure) and con-
tact potential difference (bottom figure) of a 
(OOOl)ZnO indented surface measured with 
illumination. The location of the indenta-
tion is shown in the contact potential dif-
ference figure by the white t riangle. 
From previous back-reflection Laue measurements performed by our industrial partner, the edges 
of the hexagonal etch pits are known to be in the (1120) direction. After noting the direction of 
the rosette arms relative to the edge of the sample, the sample was etched in trifluoroacetic acid 
and the (1120) direction was ascertained. The rosette arms in Fig. 4.16 are aligned in the (1120) 
directions. The direction of the observed rosette arms is consistent with the results of Czernuszka 
and Pratt [29] who performed Vickers indentations at 200°C on (OOOl)ZnO and observed the rosette 
with panchromatic cathodoluminescence. The observed direction of the rosette arms is consistent 
with two previously observed slip systems in ZnO. Bradby et al. [26] performed cross-sectional 
transmission electron microscopy on spherical nanoindentations in (OOOl)ZnO and observed slip 
on the basal planes and the {1011} planes. Czernuszka and P ratt [29] performed panchromatic 
cathodoluminescence on the cross-section of Vickers indentations and observed slip on t he {1012} 
planes. Figure 4.17 shows the {1011} (GHM, in figure) and {1012} (GHN, in figure) pyramidal 
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planes. Both the {1011} and the {1012} planes intersect the {0001} planes along the (1120) directions 
and because of the two-dimensional nature of the SKPM measurement technique it can not be 
determined on which of these planes slip occurred. 
Although impurity atom decoration effects of the dislocations around the indentation can not 
be ruled out as the cause of the change in the contact potential difference, we attribute the.rosette 
pattern to band bending in the area around dislocations as in Read's model (77], Sec. 2.5. Simpkins et 
al. (103] and Koley and Spencer [104] used models similar to Read's to describe the contact potential 
difference near dislocations in GaN. Illumination is believed to increase the charging of dislocations 
and hence increase band bending by freeing electrons in surface states which are then attracted 
to acceptor sites of near surface dislocations, as was concluded for the case of the near surface 
photoplastic effect observed in the nanoindentation of (OOOl)ZnO [105] and (lll)ZnSe [22]. Figures 
4.15 and 4.16 show the results for a chemomechanical polished (OOOI) surface, similar results were 
obtained for chemomechanical polished and etched (0001) surfaces. The rosette pattern remained 
for about 1 - 2 hours after the lamp had been turned off and the sample was in darkness. An 
after-effect was also observed in photoplastic compression tests of ZnO [60] which was on the order 
of tens of seconds. The after-effect in compression tests is believed to be caused by initially charged 
dislocations moving through the crystal and losing excess electrons to trapping centers [106]. In 
the SKPM experiments the charged dislocations are stationary and require more time to lose excess 
electrons. 
To further investigate the rosette pattern, a set of indentations was made with maximum loads 
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Figure 4.17: Schematic diagr1;1,m of some planes in hexagonal material. After Honeycombe (20]. 
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between 300 and 1500 µN on chemomechanical polished (OOOI)ZnO with two indentations made 
at each load. From a simplified version [107] of Johnson's [90] hemispherical hydrostatic model of 
elasto-plastic indentation, the plastic zone radius, c, is given by: C = J3f;.:;x where Fmax is the max-
imum indentation force and Y is the yield strength. The indentations on (OOOI) chemomechanical 
polished surfaces all exhibited pop-in, i.e., there is a well-defined elastic region before elasto-plastic 
deformation begins. To account for the elastic region, the maximum force in the above equation 
was replaced by the difference between the maximum force and the average load at which pop-in 
occurred. The plastic zone radius was approximated by the length of the longest rosette arm because 
there was less relative error in its measurement. There were errors in determining the center of the 
indentation and the end of the rosette arm which were the same for the shortest rosette arm and the 
longest so the percent error was smaller for the longest rosette arm. Figure 4.18 shows the length 
of the longest rosette arm as a function of the square root of the maximum indentation force minus 
the average load at pop-in and the best-fit line through the data. The y-intercept of the line is 
nearly zero (-0.08 µm) and from the slope a yield strength of 31 MPa is obtained. From compression 
test stress-strain data for ZnO obtained by Carlsson [108], one can estimate a yield strength of 50 
- 60 MPa. Although the hemispherical hydrostatic model of indentation assumes the material is 
isotropic, it produces a yield strength that is of the correct order of magnitude. 
Preliminary experiments on the time dependence of the surface photovoltage of the indentation 
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Figure 4.18: Length of longest rosette arm vs. the square root of the maximum load of inden-
tation minus the average load a pop-in on (OOOI)ZnO. 
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have a higher density of dislocations to the regions with a higher surface photovoltage which are away 
from the rosette arms and have a lower density of dislocations. To examine the time dependence of 
the surface photovoltage the same area was scanned, to eliminate the normal variability of surface 
potential with location on the sample. This was achieved by setting the scanning probe microscope 
(SPM) to scan the same line repeatedly, thus the SPM measured the change of surface potential 
with time not location. The scan line was chosen such that it was away from the indentation and 
contained areas of both the rosette arm and the surrounding area, see Fig. 4.19. This allowed for a 
comparison of the area inside the rosette arm and outside the rosette arm. Using a scan rate of 0.4 
Hz the scan lines were obtained at 5 sec intervals. The sample was an etched (0001) surface and the 
light source was the same quartz-halogen lamp as used in the rosette study above. 
Figure 4.20 shows the measured average contact potential difference of the regions inside the 
rosette arm and outside the rosette arm as a function of time. The sample was illuminated at time 
t = 0. Before the sample was illuminated there was a difference of approximately 30 m V between 
the regions inside and outside the rosette arm. This difference was only observed on this occasion 
and is believed to be caused by stray laser light from the SPM measurement system that illuminated 
the sample. For both regions there was an increase in the contact potential difference starting at 
t = 0 and reached steady state at approximately t ::::;: 350 sec. The voltage increase inside the rosette 
arm was about 145 mV however the voltage increase outside the rosette arm was about 175 mV. 
To understand these results a simple model of the near surface band structure can be used. 
The surface is presumed to have surface states which act as acceptors, as suggested by the work 
of Moormann et al. [109]. Dislocations are modeled as introducing an energy level within the 
band gap which acts as an acceptor as in Read's model [77]. To account for the difference in the 
density of dislocation in the rosette arm and outside of this region, the rosette arm is modeled as 
having dislocations and the region outside the rosette arm is modeled as not having any dislocations. 
Figures 4.21 and 4.22 show simplified band structure diagrams for the areas outside the rosette arm 
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Figure 4.19: Schematic diagram of the approximate location of the scan line that was measured 
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Figure 4.20: Measured contact potential difference in regions inside the rosette arm and outside 
the rosette arm as a function of the time after the sample was illuminated. 
and inside the rosette arm. Figure 4.2l(a) shows the band structure in the near surface without 
illumination in the region outside the rosette structure. The occupation of surface states by electrons 
causes the conduction and valence bands to bend upward in the near surface. With illumination, 
Fig. 4.2l(b), some of the electrons that were in the surface states acquire enough energy from 
the incident photons to go into the conduction band which lessens the amount of band bending. 
A decrease in the amount of band bending causes an increase in the contact potential difference 
because the contact potential difference is the work function of the metal coated probe minus the 
sum of the band bending, electron affinity and Fermi level relative to the conduction band for 
ZnO. Figure 4.22 shows the band structure inside the rosette where there was a higher dislocation 
density. The dislocation energy level is believed to be partially occupied with electrons as shown 
by the slightly lower contact potential difference (0.27 V) than outside the rosette area (0.3 V). As 
previously mentioned, this was probably caused by stray laser light from the SPM measurement 
system. With illumination, Fig. 4.22(b), some of the electrons in the surface states acquire enough 
energy from the incident photons to go into the conduction band however some of these electrons 
are attracted to the acceptor sites of the dislocation. This causes the conduction and valance bands 
to flatten however not as much as in the region outside the rosette arms because of the electrons at 
the dislocation. The surface photovoltage decrease after the light was turned off was not recorded 
properly because there was some drift of the scanning head. Because the light source was a broad 
band light source, the analysis presented at the end of Sec. 2.5 can not be used however the results 
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Figure 4.21: Simplified band structure diagram for the area outside the rosette. (a) shows the 
band structure in darkness and (b) with illumination. ( c) shows the changes in 
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Figure 4.22: Simplified band structure diagram for the area inside the rosette. (a) shows the 
band structure in darkness and (b) with illumination. (c) shows the changes in 
the contact potential difference caused by the illumination. 
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Chapter 5 
Conclusions and Future Work 
5.1 Conclusions 
The near surface mechanical behavior of ZnO has been investigated by nanoindentation. The studies 
included the effects of surface finish, variation of mechanical behavior with crystallographic direc-
tion and the effects of illumination. The use of scanning Kelvin probe microscopy with sample 
illumination as a technique to observe indentation dislocation rosettes was demonstrated. 
1. Surfaces of (0001) ZnO crystals were prepared by mechanical polishing with 1/4 µm and 1 µm 
diamond abrasives, chemomechanical polishing and chemical etching. Pop-in was seen to occur 
for both the chemomechanical polished and etched surface but not for the mechanically polished 
surfaces. Pop-in was attributed to dislocation nucleation and the onset of yielding. The load 
at which pop-in occurred was found to be higher for the chemomechanically polished surface 
than the etched surface. Measured hardness values were found to be dependent on surface 
preparation, with an increased hardness observed with increased surface preparation severity, 
and also exhibited a near surface depth dependence. Hardness values obtained at the deepest 
indentation depths, approximately 260 nm, were consistent with previous results obtained by 
microindentation. Indentation modulus values showed no dependence with surface preparation 
with the exception of the 1 µm abrasive mechanical polished surface which exhibited a lower 
modulus. The indentation modulus values were consistent with theoretical results obtained by 
including the piezoelectric effect of ZnO. Cross-sectional TEM results on the 1/4 µm diamond 
abrasive mechanical polished (0001) surface showed dislocation loops extending to a depth of 
about 80 nm. No dislocations were observed for the chemomechanical polished (0001) surface. 
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2. The near surface mechanical behavior of chemomechanical polished (0001) and prismatic planes 
were also investigated by nanoindentation. The indentation modulus, hardness and load at 
which pop-in occurred for the (OOOI) were similar to the values obtained for the chemome-
chanical polished (0001) surface. The {lOIO} and {1120} surfaces exhibited pop-in at a load 
which was comparable to that on the polar surfaces however the displacement during pop-in 
was higher for the prismatic surfaces than the polar surfaces. Measured hardness values of the 
prismatic planes were about half of the values obtained for the (0001) surface over the depth 
range investigated, 50 - 260 nm, which is consistent with previous microindentation results. 
Indentation of the prismatic surfaces should involve principally slip on {0001} planes which 
for many other hexagonal materials is the easiest slip plane. The indentation modulus of the 
prismatic surfaces was similar to that of the polar surfaces. 
3. The effects of broad band illumination on the near surface mechanical response of etched (0001) 
surfaces and chemomechanical polished {lOIO} surfaces were investigated. On both surfaces 
illumination was found to increase the load at which pop-in occurred and the near surface 
hardness. Illumination increased the load at which pop-in occurred on the (0001) surface 
approximately 40% above that obtained in darkness and approximately 25% on the {lOIO} 
surface. Measured hardness for indentation depths up to about 100 nm increased 7 - 20% 
for the (0001) surface and 4 - 9% for the {lOIO} surface. Beyond this depth no differences 
in hardness were measured. The increase in hardness of the near surface with illumination is 
attributed to charging of dislocations from surface states. The difference between the increase 
of hardness for the (0001) and {lOIO} surfaces is probably caused by different slip systems 
involved for the two cases. 
4. The use of scanning Kelvin probe microscopy with sample illumination to observe indentation 
rosettes was shown. The rosette pattern consisted of regions with a lower surface potential 
consisting of a central zone around the indentation and six arms emanating along the (1120) 
directions. These directions are consistent with slip on the {lOil} or {1012} planes which had 
been identified in previous indentation studies of ZnO. The length of the longest rosette arm 
was found to be proportional to the square root of the maximum indentation force minus the 
average load at pop-in. Preliminary results on the time dependence of the surface potential in 
the rosette arm and outside of the rosette were also presented. 
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5.2 Proposed future work 
• On the (0001) surface the indentation modulus for the 1 µm abrasive mechanical polish sample 
was lower than the other surface preparations. Although a reduction of the piezoelectric effect 
because of damage in the near surface could account for some of the lower modulus, this could 
not account for all of the measured effect. Indentations on another batch of samples may show 
that these samples had an anomalously low modulus. 
• The cross-sectional TEM of the 1/4 µm abrasive mechanical polish sample showed dislocation 
loops extending to about 80 nm below the surface. Further TEM analysis of this sample could 
identify the slip systems of the dislocations. 
• To identify slip systems involved during nanoindentation of the polar and prismatic surfaces 
focused ion beam milling could be used to prepare cross-sectional TEM samples of the inden-
tations. 
• The increase of the load at which pop-in occurs with illumination is an interesting result that 
requires further study. Currently there is not agreement on the conditions which give rise to 
dislocation nucleation however all of the existing models do not include anything related to 
illumination. 
• The use of scanning Kelvin probe microscopy around indentations on {1010} and {1120} ZnO 
surfaces could be used to observe the rosette pattern. The rosette pattern on these surfaces 
will probably be different than the rosette pattern on the (0001) surface because of different 
slip systems being activated. SKPM could also be used to observe indentation rosettes on 
other semiconductors such as GaN and GaAs. The time dependence of the contact potential 
difference after illumination with a laser could be used to measure quantitative differences 
between the regions inside the rosette and outside the rosette. These differences include the 
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Appendix A 
Determination of Area Function 
and Instrument Compliance for 
N anoindentation 
Both the area function of the indenter and the compliance of the nanoindentation instrument are 
determined by using the method of Oliver and Pharr [35]. Parts of the ISO 14577 (Metallic materials 
- Instrumented indentation test for hardness and materials parameters) are based on this technique. 
Oliver and Pharr developed a technique for determining both the area function of the indenter 
and the compliance of the nanoindentation instrument by indentations in reference materials whose 
elastic modulus is assumed to be known. The two reference materials used are fused silica and 
single crystal aluminum. The sample and the nanoindentation instrument are modeled as two linear 
springs in series, so the total measured compliance is given by: 
(A.I) 
where Ctotal is the total measured compliance i.e.,1/ S, Ct is the compliance of the load frame of the 
nanoindentation instrument, and Cs is the compliance of the sample. The compliance of the sample 
is related to the elastic modulus and the projected area of contact (A) by: 
(A.2) 
where Er is the "reduced" modulus and is given by ;L = 1--;2 + 1~~'f where v and E are Poisson's 
ratio and elastic modulus for the sample and Vi and Ei are the same for the indenter. Substituting 
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the value of the sample compliance, Eq. A.2 into Eq. A.l gives: 
(A.3) 
From Eq. A.3 we see that a plot of the total measured compliance vs. 1/./A.. should be linear with 
an intercept equal to the frame compliance. In order to get a good estimate of the frame compliance 
deep indents should be made so that the second term on the right side of Eq. A.3 is small. In order 
to obtain the area function and frame compliance and iterative procedure is used on a data collected 
for a range of deep indentations. 
1. Assume A(hc) = 24.5h~ 
2. From a plot of Ctotal vs. A-1/ 2 obtain an estimate of Ct 
3. Calculate contact area from -A= .'.!!:4 E2(0 1 _ 0 ) r total f 
5. Goto step 2 and repeat until the area function and frame compliance converge 
For the deeper indentations this procedure yields a good estimate for the frame compliance 
but the area function obtained should not be extended to shallow indentations. Instead shallower 
indentations are made in fused silica to determine the area function in this range. The iteration 
converges more quickly since the frame compliarn::e is known from the indentations in aluminum. 
A series of indentations at depths from about 200-900 nm was made in electropolished (lOO)Al. 
This data was then used to calculate the frame compliance of the instrument using software by 
Hysitron Inc. Figure A.l shows the total measured compliance minus the frame compliance (0.002 
nm/ µN) vs. one on the square root of the area. Plotted in this way the line should go through the 
origin which it does. The value of the frame compliance is comparable to that of another commercial 
nanoindenter [35], 0.001 nm/ µN. The slope of the best fit line is 13 nm2 / µN which gives a reduced 
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Figure A.I: Total compliance minus frame compliance (0.002 nm/µN) vs. 1/../A.. 
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Appendix B 
Indentation of a Transversely 
Isotropic Piezoelectric Halfspace 
B.1 Development of equations 
The development of the piezoelectric equations for a transversely isotropic halfspace, z > 0, is based 
on the papers by B.A. Kudriavtsev, V.Z. Parton and V.I. Rakitin (refered to as KPR paper) [49], 
A.E. Giannakopoulos and S. Suresh [52] and S. Matysiak [51]. The exposition below will closely 
follow the KPR paper and differences from this paper will be noted. 
Starting with Eq. 2.1 in the KPR paper (no change) 
(2.1 in KPR paper) 
and also Eq. 2.2 (no change) 
(2.2 in KPR paper) 
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The electric field is related to the potential by the following: 
Er= - o¢ 
or 
E - _8¢ 
z - oz 
The KPR paper omits the minus sign in the above equation. This mistake then propagates through 
the rest of the paper. Eq. 2.3 should become: 
( OUr Ur) OUz O<p O'zz = C13 or +-:;: + C33 OZ + €33 OZ 
(2.3 in KPR paper, corrected) 
Dr = e15 - + - - Eu-( our OUz) 8¢ oz or ar 
·, 
Dz= e31 -+- +e33- -E33-· (OUr Ur) OUz 8¢ 8r r az az 
In addition to the sign error there is also a typographical error in Eq. 2.4. 
(B.1) 
Because of the way that the dual integral equations will be solved below, it is convenient to 
introduce non-dimensional lengths, (, and p where, 
p=.r/a (= z/a 
Using the above definitions Eqs. B.l become, 
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(B.2) 
Use the Hankel transforms of Eq. 3.1 (note that the transform of Ur involves J1 and the other 
two use Jo). 
Ur(P, () = fo 00 U((, ()J1 ((p) d( 
Uz(P,() = fo00 V((,()Jo((p)cie 
cp(p, () = fooo <I>((, ()Jo((p) d( 
Plugging these into Eq. B.2 the following is obtained: 
Let us introduce notation for the integrals, 
The above integrals become: 
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The particular solution may be written as: 
V (B.4) 
Substituting Eqs. B.4 into Eqs. B.3 and dropping the I terms, 
0 (B.5) 
Since ~ # 0 and the exponential term is not equal to zero Eqs. B.5 can be written as: 
C44k2 - C11 (c13 + C44)k (e31 + e15)k a ~I: -(c13 + C44)k C33k2 - C44 e33k2 - e15 f3 
-(e31 + e15)k e33 k 2 - e15 -E33k2 + Eu 'Y 
This is the matrix aij in the KPR paper (Eq. 3.2) but some of the values of aij have a different 
sign. For ZnO setting the determinant equal to zero gives two real roots ±k1 and four complex roots 
±8 ± iw. The constants a, f3 and 'Y can be obtained from: 
f3 
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where the a's are obtained by using either k1, or 8+iw. This results in: a 1 = a(k1), /31 = f3(k1), ')'1 = 
')'(k1), a21 + a22 = a(8 + iw), /321 + /322 = /3(8 + iw), ')'21 + ')'22 = 1'(8 + iw). The three functions 
U, V, <I? are given by: 





l I a21 + ia22 A1 (t)e-kiE( + Re /321 + ~1322 
,'21 + i122 
1= [ a1A1 (t)e-kiE( + (a21B1 (t) - a2201 (0) e-8€( cos(wt() 
+ (a22B1(t) + a2101(t)) e-5€( sin(wt()] J1(tp) dl 
1= [f31A1 ( l)e-ki€( + (/321B1 (l) - /32201 (l)) e-'5€( cos(wl() 
+ (/322B1 (l) + /32101 (l)) e-5€( sin(wl()] Jo(lp) dl 
1= [1'1A1(0e-ki€( + h21B1(t) - ')'2201(l)) e-5€( cos(wl() 
+ h22B1(t) + ')'2101(l)) e-5€( sin(wl()] Jo(lp) dl 
On the surface ( = 0 the displacements and stresses are given by: 
Ur(P, ( = 0) 
Uz(P, ( = 0) 
rp(p, ( = 0) 
0-zr(P, ( = 0) 
0-zz(P, ( = 0) 
1= [a1A1(l) + a21B1(l) - a2201(t)] J1(lp) dl 
1= [/31A1 (0 + f321B1 (t) - /32201 ( l)] Jo(lp) dl 
1= b1A1(t) + 1'21B1(l) - 1'2201(t)] Jo(lp) dt 
1= (m1A1(t) + m2B1(t) - m301(l)] lJ1(lp) dt 




Using the condition that the surface of the half-space does not have a shear stress the equation 
for (J'zr gives the relationship C1 = !!?:l.A1 + m 2 B 1 thus the dual integral equations are: 
m3 m3 
Uz(P, ( = 0) 100 [ (/31 + :: /322) A1(e) + (/321 + :: /322) B1 (e)] Jo(ep) de 
J(p)+b o::;p::;1 
¢(p, ( = 0) 100 [ ( 'Y1 + :>22) A1(e) + ( 'Y21 + ::'Y22) B1(e)] Jo(ep) de 
<Po O::; p < 1 
100 [ ( n1 + ::n3) A1(e) + ( n2 + ::n3) B1(e)] eJo(ep) ~ 
0 p>l (B.7) 
Dz(p,( = 0) 100 [ (li + ::is) A1(e) + (z2 + ::z3) B1(e)] eJo(ep)de 
0 p>l 
where 
The solution of the dual integral equations (Eqs. B. 7) proceeds as outlined in Matysiak's paper 
[51] for the case of a conducting indenter. A paper by Harding and Sneddon [110] is also helpful 
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and will be used. The case of the insulating indenter will be shown further below. First it is more 
convenient to rename B 1(e), A2(e) and to define constants for the coefficients so Eqs. B.7 become 
Uz(P, ( = 0) 1= [M1A1(e) + M2A2(e)] Jo(lp) de= f(p) + b 0:::; p:::; 1 
¢(p, ( = 0) 1= [M3A1(l) + M4A2(e)] Jo(ep) de= <Po 0:::; p< 1 
<J zz(P, ( = 0) 1= (M5A1{e) + M5A2(e)] Uo(ep) ~ = 0 p>l 
Dz(P,( = 0) 1= [M1A1(e) + MsA2(f)] Uo(ep) de= 0 p>l 
where 
M1 (f31 - :! !322) M2 (!321 - :~ !322) 
M3 ( ')'1 - ~1'22) M4 ( 1'21 - :~ 1'22) 
M5 (n1 + :!n3) M5 ( n2 + :~n3) 
M1 (ti+~ts) Ms (b + *;l3) 
Using Crammer's rule Eqs. B.8 can be written compactly as: 
where 
1= Aa(e)Jo(ep) de 
1= eAa(l)Jo(fr) de 
F'a(P) 0:::; p< 1 
0 p > 1 a= 1, 2 
M1M4-M2M3 





The solution to Eqs. B.9 is well known. If the function F'a(P) = I::n Znpn then solution for the 
Aa 's is given by: 
1 ~r(!n+l) { 11 n+l. ) } Aa(l) = r;;; D ( 1 3) Zn cose + e . u sm(eu du 
y'lf n r 2n + 2 0 
a= 1,2 
Consider an axisymmetric punch profile given by f(p) = co+ c1p + c2p2 where Co, c1, c2 are 
constants. Thus F'a(P) =Ko+ K1p + K2p2, each term will be considered in series. 
For F'a = Ko, 
(B.11) 
[ sin(e) 1 ] Aa(e) = K1 -e- + e2 (cos(e) -1) (B.12) 
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8K2 [(1 2). 2 ] Aa(E;,) = 37r ~ - f;,3 sm(f;,) + f;,2 cos(/;,) (B.13) 
B.1.1 Indentation with a conducting conical indenter 
Let us consider the special case of a conical punch given by f(p) = E(l - p) then Fi is given by 
From which Ko andK1 can be identified, 
Ko = M4E - M2</>o + M4b 
M1M4-M2M3 
The function A1 can be computed from Eqs. B.11 and B.12, 
( 2Ko ) sin(/;,) K1 A1(/;,) = -;;:-- + K1 -I;,-+~ (cos(/;,) -1) 
In a similar way the function A2 can be computed 
Ko= -M3E+M1</>o-M3b 
M1M4-M2M3 
Consider the stress component a-zz at the circle p = 1. 
CTzz(P = 1, ( = 0) 
!Izz(P = 1, ( = 0) r= (2 2- _ ) Jo ;KoM5+K1M5+;KoM5+K1M5 sin(f;,)J0 (1;,) 
- cos(/;,) -1 
+(K1Ms + K 1M5) I;, Jo(/;,) di;, (B.14) 
The first term of the integral in Eq. B.14 diverges but the stress at p = 1 is finite so the term in 
parenthesis must be zero. This results in an expression for b, 
Returning to the stress component Uzz, 
!Izz(P, ( = 0) 
!Izz(P, ( = 0) 
1= (K1M5 + K1M6) cos(~ - 1 Jo(E;,p) di;, 
- (K1M5 + K1M6) cosh-1 (~) 
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The force on the indenter is just the summation of the stress over the circular contact region on 





-21ra2 li P(J'zz(P, ( = 0) dp 
21ra2 lip (KiM5 + KiM6) cosh-i (t) dp 




The above result agrees with Giannakopoulos and Suresh [52] up to a minus sign but this difference 
is just because of the sign convention used. The vector P is in the positive z direction i.e., into the 
solid. 
B.1.2 Indentation with an insulating conical indenter 
Things are a little easier when the indenter is an insulator. The dual integral equations are: 
Uz(P, ( = 0) 
Dz(P,( = 0) 
(J'zz(P, ( = 0) 
100 [M1Ai(~) + MsA2(~)] ~Jo(~p) d~ = 0 
100 [M5Ai(~) + M6A2(~)] Uo(~p) d~ = 0 p>l (B.15) 
From Dz terms in Eqs. B.15 we find that M1Ai(~) + MsA2(~) = 0 so then Ai(~)= - ~~A2(~)-
The dual integral equations can be given by: 
100 A2(~)Jo(~p) d~ 
1= A2(~)Uo(~p) d~ 
M1(f(p) + b) 
M2M1-MiMs 
0 
The solution to the above equations is the same as before, 
where as before, 
n 
0 :S; p < 1 
p>l 
The solutions above for Fa = Ko, Kip, andK2p2 can be used again with care taken as to the 
definitions for K 0 , Ki, andK2. Let us again consider the conical punch f(p) = E(l - p). Here 
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Ko and K 1 are given by: 
The expression for A2 is the same as it was before, 
( 2Ko ) sin(() K1 A2= -+K1 --+ 2 (cos(()-1) 
7f ( ( 
This then can be substituted into the expression for <7 zz at the circle of contact p = 1 
<7zz(P = 1, ( = 0) 
<7zz(P = 1, ( = 0) 
The first term in the braces diverges but the stress is finite at this location so the constant of 
this term must be zero. This gives the result b = ( J - 1) E. The stress component <7 zz is given by: 
<7zz(P, ( = 0) 
<7zz(P, ( = 0) 
This gives a load on the indenter of, 
This result also agrees with Giannakopoulos and Suresh up to a minus sign. 
B.2 Summary of differences 
A summary of the differences between the results of Giannakopoulos [111] and the present study are 
shown below. 
• Differences in the values of aij in matrix, Eq. (14) in (111] 
There is disagree on the sign of some of the terms of the a matrix but it does not make a 
difference in the results. When the Jal is set equal to zero, the same result up to a minus sign 
is obtained. 
• Differences in the values of the terms m 1, m 2, m3, and M7 
The difference in the m 1 term is that there is a k in the first term that should not be there. 
This is probably just a typographical error. The differences in m 2 and m 3 are shown in Table 
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B.1. This is probably not a typographical error and this difference will effect most all results 
that are obtained after this. Finally there is sign difference on the M 7 term which will effect 
some of the results for ZnO. 
-e15 (8121 - W')'22) -e15 (8')'22 + W')'21) 
Giannakopoulos [111] 
-C44 (fo21 - wa22 + /321) -c44 ( 8a22 + wa21 + /322) 
This work 
Table B.l: Differences in the terms m2 and m3 of Giannakopoulos [111] and this work. 
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